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ABSTRACT 
OPTIMIZATION OF REPRODUCTIVE SUCCESS IN BEEF CATTLE BY 
IMPLEMENTATION OF ESTRUS RESYNCHRONIZATION, NUTRITIONAL 
MANAGEMENT, AND EVALUATION OF DISEASE PREVALANCE 
KAITLIN M. EPPERSON 
2019 
The beef industry is a unique community of operations that employ different 
management techniques to accomplish a similar goal. Like other facets of animal 
agriculture, profitability of the beef industry is heavily reliant upon the implemented 
management practices. Reproductive efficiency is an area of management that has great 
potential to positively influence the success of beef production. Through the use of 
reproductive technologies such as estrus synchronization and AI, a greater percentage of 
females can become bred to superior sires, breeding and calving seasons can be shortened, 
calf uniformity increased, and economic return maximized (Odde, 1990; Rodgers et al., 
2012; Bó et al., 2016). In recognizing the merit of utilization of these reproductive 
technologies, the possibility of extending these benefits past an initial synchronization 
and AI can be appreciated. Implementation of estrus resynchronization and additional 
inseminations has been adopted by the dairy industry, but is slow to be utilized by beef 
producers. Evaluating the efficacy of estrus resynchronization and a second insemination 
offers the potential to maximize the previously mentioned benefits in a defined breeding 
season. Additionally, if reproductive efficiency is to be optimized, disease and nutrition 
management are also aspects that require consideration. It is understood that appropriate 
biosecurity practices against reproductive diseases, such as Bovine Viral Diarrhea Virus 
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(BVDV), are required to allow for maximal production efficiency (Newcomer et al., 
2017). In order to mitigate the negative effects of this disease in the breeding herd, there 
is room for scientific evaluation of the effects BVDV has in herds that employ 
vaccination schedules. Further, nutrient partitioning in the beef animal limits the 
prioritization of reproduction over other metabolic functions (Short et al., 1990). Nutrient 
intake changes shortly prior to, and following insemination, have the potential to greatly 
influence pregnancy success through alteration in estrus expression, steroidogenic 
activity, uterine environment, and embryo development (Lamond, 1970; Short and 
Adams, 1988). Therefore, in considering these areas of management that allow for 
improved reproductive efficiency, the objectives of the following studies were to evaluate 
the necessity of a controlled internal drug releasing device (CIDR) in a fixed-time AI 
resynchronization protocol (Chapter 2), the effect of Bovine Viral Diarrhea Virus 
infection on reproductive success (Chapter 3), and the influence of plane of nutrition 
before and after AI on estrus expression, steroid concentrations, and thus uterine 
environment and embryo development (Chapter 4). 
In Chapter 2, beef cows and heifers over a two year period from sixteen herds 
were inseminated using the 7-day CO-Synch + CIDR protocol. On d 21 following the 
first insemination, the protocol was repeated, with animals either receiving a CIDR or no 
CIDR.  Pregnancy status was determined on d 28 by both transrectal ultrasonography and 
the IDEXX Rapid Visual Pregnancy Test. Non-pregnant animals by both methods (n = 
373 cows, n = 453 heifers) received an injection of PGF2 and were time inseminated 52 
to 56 (heifers) or 60 to 66 (cows) h later or bred following detection in estrus. Corpora 
lutea (CL) number and largest follicle diameter (LF) were recorded on a subset of non-
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pregnant animals (n = 229) from each herd and treatment at time of pregnancy diagnosis. 
Estrus expression was recorded at time of insemination. Pregnancy status was determined 
a minimum of 28 d following the second AI. Statistical analyses were performed using 
the GLIMMIX procedure of SAS for estrus, and pregnancy, including age and year in the 
model. The final model was obtained following stepwise removal of insignificant 
interactions. The MIXED procedure was utilized for analyses of CL number and LF. 
There was no effect (P > 0.55) of treatment on AI 1 pregnancy (CIDR; 45.30 ± 1.8%, no 
CIDR; 47.48 ± 1.8%) AI 2 pregnancy (CIDR; 28.54 ± 5.2%, no CIDR; 29.56 ± 4.9%), or 
overall pregnancy (CIDR; 58.7 ± 7.3%, no CIDR; 58.6 ± 7.4%). Treatment influenced (P 
< 0.0001) estrus expression prior to AI 2 (CIDR; 56.1 ± 5.5%, no CIDR; 36.4 ± 5.2 %). 
There was an effect of treatment x age on AI 2 pregnancy (P = 0.007), with heifers 
receiving a CIDR having higher AI 2 pregnancy (CIDR Heifers; 34.9 ± 5.8%, CIDR 
Cows; 22.9 ± 6.0%), and cows without a CIDR having higher pregnancy than heifers 
without a CIDR (no CIDR Heifers 24.7 ± 4.9%, no CIDR Cows; 34.8 ± 6.4%). Estrus 
expression impacted AI 2 pregnancy success (41.0 ± 5.9% estrus vs. 19.43 ± 3.9% no 
estrus; P < 0.001), as well as the interaction of treatment, age, and estrus expression (P = 
0.04). Heifers not exhibiting estrus had increased AI 2 pregnancy rate with CIDR 
inclusion (CIDR; 28.2 ± 6.8%, no CIDR; 17.9 ± 4.8%), while cows not exhibiting estrus 
had decreased AI 2 pregnancy rate with CIDR inclusion (CIDR; 9.3 ± 4.2%, no CIDR; 
27.7 ± 6.8%). There was no effect of treatment on embryonic loss (P = 0.62), CL number 
(P = 0.18), follicle diameter (P = 0.93). There was a tendency for age to influence the 
presence of ≥ 12 mm size dominant follicles (P = 0.08), with a greater percentage 
observed in cows (Cows; 63.1 ± 6.9%, Heifers; 48.2 ± 10.6%). Further, there was a 
xvii 
 
tendency for an effect of treatment x age interaction on follicle size (P = 0.07). In 
conclusion, the use of a CIDR in this resynchronization protocol increased estrus 
expression, increased AI 2 pregnancy for heifers, but reduced AI 2 pregnancy in cows 
that failed to show estrus, and did not influence overall pregnancy or embryonic loss. 
In Chapter 3, vaccinated cows (n=370) and heifers (n=528) from nine different 
herds were synchronized using the 7-day CO-Synch + CIDR protocol and were fixed-
time AI (FTAI).  On d 28 following insemination, blood samples were collected and 
pregnancy status was determined. Non-pregnant animals were resynchronized and FTAI 
occurred a second time. In six herds bulls were comingled with females beginning 10-15 
d after the second AI. Final pregnancy status was determined 33-80 d following the first 
pregnancy diagnosis. Blood samples were tested for the presence of BVDV antigen using 
the IDEXX BVDV PI X2 Kit. Animals that tested positive were considered infected with 
BVDV at the time of blood collection. Herds were determined to be BVDV infected by 
the presence of at least one animal having a positive test for antigen (n = 4 infected herds, 
n = 5 non-infected herds). Statistical analyses were performed using the GLIMMIX 
procedure of SAS with herd as a random variable. Herds that had evidence of BVDV 
infection at d 28 following insemination had significantly decreased (P < 0.01) first 
service AI conception rates compared to herds that had no evidence of infection (34 ± 
2.3% vs. 54 ± 2.3%). Additionally, breeding season pregnancy rates were decreased (P < 
0.01) in BVDV infected herds compared to non-infected herds (69 ± 3.4% vs. 80 ± 
3.6%). There was no significant effect of BVDV infection status on embryonic loss (P = 
0.42) or percentage of animals which lost a pregnancy and rebred by the end of the 
breeding season (P = 0.63). In conclusion, BVDV infection in well vaccinated herds had 
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a significant negative impact on both first service AI conception rate and overall breeding 
season pregnancy success.  
In Chapter 4, seventy nine Angus cross beef heifers were randomly divided into 
one of two diet treatments (High or Low) a maximum of 45 days prior to AI (d 0 as AI). 
Diets were sampled before and after AI and evaluated for nutrient analysis. The Low diet 
provided 90 and 81% of maintenance, while the High diet provided 162 and 148% of 
maintenance before and after AI, respectively. Estrus synchronization (PG 6-d CIDR 
protocol) was initiated on d -12. Estrus expression was monitored and recorded, and 
heifers detected in estrus were inseminated 8 to 12 h later with semen from one of two 
sires. At time of AI, half of the heifers were randomly reassigned treatment to generate 
four final pre x post-AI treatments; High-High (HH, n = 20), High-Low (HL, n = 20), 
Low-High (LH, n = 19), and Low-Low (LL, n = 20). Heifers remained in their new diet 
treatment for 7 to 8 days following AI when embryo collection occurred. Blood samples 
were collected on d -3 to d 0, and d 1, 3, 5, 7 and 8 post-AI. Ultrasonography of dominant 
follicle diameter was evaluated on d -3 and d 0, while CL diameter was recorded at the 
time of uterine flush (d 7 or 8). Heifer body weight and plasma concentrations of non-
esterified free fatty acids (NEFA), glucose, protein, estradiol, and progesterone were 
analyzed as repeated measures using the MIXED procedure of SAS. Estrus expression 
and embryo recovery were evaluated using the GLIMMIX procedure of SAS. The GLM 
procedure of SAS was used to analyze follicle size, growth of the dominant follicle, 
interval to estrus, interval to AI, CL size, embryo stage and embryo quality. There was a 
Pre-AI treatment by time interaction on heifer body weight (P < 0.0001).  Heifers on the 
low diet lost 8.22 kg but heifers on the high diets gained 9.34 kg.  There was also a post-
xix 
 
AI treatment by time interaction of body weight (P < 0.0001).  Heifers on the low diet 
lost 5.21 kg but heifers on the high diets gained 6.33 kg between AI and uterine flush.  
There was also a Pre-AI treatment (P = 0.0003) and post-AI treatment (P < 0.0001) 
influence on NEFA concentrations, with low treatment heifers having increased 
concentrations compared to the high treatment heifers (Pre-AI treatment Low; 0.60 ± 
0.03 mEq/L, High; 0.43 ± 0.03 mEq/L and Post-AI treatment Low; 0.61 ± 0.03 mEq/L, 
High; 0.42 ± 0.03 mEq/L). There was a tendency for both Pre-AI treatment (P = 0.06) 
and Post-AI treatment to impact circulating concentrations of glucose, with the High 
treatment having greater glucose than low during both periods.  There was also a Pre-AI 
x Post-AI treatment interaction on glucose concentrations (P = 0.04).  Heifers in the HH 
treatment had elevated concentrations (102.75 ± 3.13 mg/dL) of glucose compared to 
heifers in the HL, LH, and LL treatments which did not differ. There was an effect of 
time on estradiol concentrations (P < 0.0001), with concentrations increasing from d -3 
(2.18 ± 0.15 pg/mL).to d 0 (6.05 ± 0.04 pg/mL). Pre-AI treatment also impacted post AI 
concentrations of progesterone (P = 0.015), with the high heifers having greater 
concentrations of progesterone compared to the low heifers (High; 4.85 ± 0.37 ng/ mL, 
3.53 ± 0.38 ng/mL); however, Post-AI treatment did not influence post AI concentrations 
of progesterone (P = 0.88). Pre-AI treatment also influenced estrus expression (P = 0.05) 
and size of the dominant follicle at AI (P= 0.0016). Heifers in the high treatment had 
increased estrus expression (80 ± 6.3% vs. 59 ± 7.9%), and larger dominant follicles 
(11.7 ± 1.42 mm vs. 10.68 ± 1.33 mm) compared to heifers in the low treat. There was no 
significant effect of pre, post or pre x post treatment on protein concentrations, estradiol 
concentrations, initial follicle size, growth rate of the dominant follicle, interval to estrus, 
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interval to AI, CL size at flush, or on embryo stage, grade, or recovery rate (P > 0.10). In 
conclusion, findings from this study confirm the ability of nutrient restriction prior to and 
shortly following AI has the ability to impact ovarian function, steroidogenesis, and 
estrus expression. Further elucidation of these effects is needed to evaluate the effects of 
these changes on embryo development and pregnancy success. 
1 
CHAPTER 1 
LITERATURE REVIEW  
INTRODUCTION  
The beef industry is unique in that multiple management practices are 
implemented amongst individual operations in order to accomplish the common goal of 
maximizing the production of beef. The lack of vertical integration and variety in 
practices used in the industry creates substantial differences in success between 
operations. Existing and current research evaluating management practices adds value for 
improvement within the industry. Specifically, reproductive management remains one of 
the most essential areas producers can capitalize from to improve the profitability and 
sustainability of their operations. In fact, reproductive traits have five times the impact on 
profitability as growth traits (Melton, 1995), but improvements in reproductive 
management require understanding the bovine estrous cycle and subsequently, the 
biotechnologies available for manipulation of the cycle to achieve increased conception 
rates within a designated breeding season. There are several management factors that 
dictate the progress of reproductive efficiency. Amongst these factors, this review will 
specifically evaluate the influence of resynchronization, nutrition, and disease 
management on reproductive success. 
Through understanding the physiological mechanisms of the estrous cycle and the 
use of exogenous hormones, there are ample opportunities to implement estrus 
synchronization and AI to improve reproductive efficiency. These tools shorten the 
breeding and calving intervals, induce cyclicity in anestrous cows and peripubertal 
females, and promote reproductive longevity of beef herds (Odde, 1990; Rodgers et al., 
2 
2012). These advantages are not restricted to a single insemination, however, but can be 
extended by the incorporation of estrus resynchronization and a second insemination. 
Beef herds that have adopted estrus synchronization programs that include an additional 
insemination capitalize from a greater proportion of the herd conceiving to genetically 
superior sires, increased pounds of calf weaned, and limited use of clean-up bulls (Bó et 
al., 2016). Further, advancements in pregnancy detection methods have contributed to the 
advancements in reproductive management. Early pregnancy detection is necessary for 
the accomplishment of reducing the period females remain open after insemination, as 
well as for estrous resynchronization programs (Bó et al., 2016).  
Other aspects of management play significant roles in the success of reproductive 
management. Herd health as well as nutritional management, are key factors that regulate 
the ability of bovine females to reproductively perform to their utmost ability. If herd 
profitability is to be maximized, care in the prevention of costly reproductive diseases 
such as Bovine Viral Diarrhea Virus (BVDV), must be prioritized with biosecurity, 
vaccination, and testing practices (Newcomer et al., 2017). Furthermore, sound beef 
operations have to consider the nutritional intake of their females if they are to 
reproductively perform. Nutrient partitioning order in the beef female leaves reproductive 
function towards the lower end of priority (Short et al., 1990). Nutrient intake changes 
shortly prior to, and following insemination, have the potential to greatly influence 
pregnancy success through alteration in estrus expression, steroidogenic activity, uterine 
environment, and embryo development (Lamond, 1970; Short and Adams, 1988). Thus, 
understanding in these areas must be achieved if reproductive efficiency is to be 
maximized. 
3 
Therefore, the purpose of this review will be to establish the physiological events 
that occur during the bovine estrous cycle and subsequent embryonic development, and 
to demonstrate how these events can be manipulated with estrous synchronization 
protocols. These concepts will contribute to the discussion of the opportunities to 
maximize reproductive efficiency with resynchronization and early pregnancy detection. 
Additionally, discussion of the influence of disease and nutritional management on 
reproductive efficiency will be provided. 
BOVINE ESTROUS CYCLE  
The transition of females from being reproductively non-receptive to receptive 
occurs at the time of puberty. Prior to the onset of puberty, females are anestrous and 
therefore, not receptive to mating. Heifers normally reach puberty between 6-12 months 
of age, or usually at a weight of 200-250kg (Forde et al., 2011). Physiologically, puberty 
is characterized by the reduction in negative feedback of estradiol on GnRH, as well as 
the gradual increase in estradiol secretion that eventually results in the pubertal surge of 
LH (Day and Anderson, 1998). The estrous cycle in cattle has a duration of 17-24 days, 
with an average of 21 days between periods of sexual receptivity, or estrus (Forde et al., 
2011). The bovine estrous cycle is governed by a network of endocrine organs which 
work to release hormones dictating the stages of the estrous cycle. The primary hormones 
and organs involved in this regulation are gonadotropin-releasing hormone (GnRH) from 
the hypothalamus, follicle stimulating hormone (FSH) and luteinizing hormone (LH) 
from the anterior pituitary, progesterone and estradiol from the ovary, and prostaglandin 
F2α (PGF2α) from the uterus (Roche, 1996). Although each of these hormones works with 
one another towards mediating the estrous cycle, they each have distinctive regulation 
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responsibilities. The estrous cycle is divided into the luteal and follicular phases. During 
the first 14-18 days following ovulation, the corpus luteum (CL) is the prominent 
structure on the ovary and characterizes the luteal phase. If fertilization does not occur, 
the CL will be destroyed due to PGF2α release from the uterus. Following luteolysis, the 
cycle continues into the follicular phase. Follicle maturation occurs during this time, 
leading up to estrus expression and subsequent ovulation, marking the end of one cycle 
and the beginning of the next. Understanding the physiological mechanisms which dictate 
the estrous cycle in cattle is essential for success in manipulation and improvement of 
reproductive efficiency.  
Follicular phase 
Follicle stimulating hormone (FSH) and luteinizing hormone (LH) regulate the 
occurrence of follicular waves. Two to three follicular waves occur during the estrous 
cycle in cattle (Rajakoski, 1960; Ireland and Roche, 1987; Savio et al., 1988; Sirois and 
Fortune, 1988) and each wave can be separated into three distinct periods, recruitment, 
selection, and dominance (Ireland, 1987; Ireland and Roche, 1987). At the beginning of a 
follicular wave, or following ovulation of the previous dominant follicle, FSH 
concentrations increase to stimulate the recruitment of a cohort of small follicles (Adams 
et al., 1992b; Ginther et al., 1996; Adams, 1999). After recruitment, these follicles 
undergo selection during days 2-4 of the estrous cycle (Roche, 1996). During selection, 
one follicle will be chosen to continue growing while the others will undergo atresia. As a 
selected follicle transitions to becoming dominant, a series of changes in steroidogenesis, 
growth factors, and proteins present in the follicular fluid are observed. Follicle 
stimulating hormone concentrations begin to decrease during selection, while LH is 
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increased to allow continued growth of the selected follicle (Ginther et al., 2000). At this 
time, the selected follicle transitions from being FSH dependent to LH dependent, and 
estradiol production within the follicle begins to rise in response to LH pulse frequency 
(Adams, 1999). A mature, or dominant follicle will exhibit increased theca cell androgen 
production and increased granulosa cell aromatase activity (Roche, 1996). Aromatization 
of androgens described by the two cell/two gonadotropin theory allows the dominant 
follicle to produce increasing concentrations of estradiol (Fortune and Quirk, 1988; 
Sunderland et al., 1994). This theory describes the binding of LH to its receptor on the 
theca cell, resulting in the conversion of cholesterol to androstenedione. Androstenedione 
is then released across the basement membrane of the follicle and into the underlying 
granulosa cell layer. After FSH binds to its receptor on the granulosa cell, the androgen is 
aromatized into estradiol (Fortune and Quirk, 1988). The subsequent increase in estradiol 
coupled with low circulating concentrations of progesterone stimulates a surge in GnRH 
from the hypothalamus, initiating onset of estrus, as well as the preovulatory surge of LH 
(Schally et al., 1971; Chenault et al., 1975; Allrich, 1994; Sunderland et al., 1994). Under 
control of GnRH, the subsequent surge of LH results in ovulation of the dominant 
follicle. The dynamic relationship of these hormones and coinciding events are illustrated 
in Figure 1. Approximately 30 hours after onset (Christenson et al., 1975), or 10-14 hours 
following the end of estrus, ovulation of the dominant follicle occurs and the follicular 
phase is complete (Forde et al., 2011).  
Luteal phase 
During the luteal phase, the dominant structure on the ovary is the corpus luteum 
(CL), which is responsible for progesterone secretion (Senger, 2003). Prior to the 
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development of a functional corpus luteum, several steroidogenic and morphological 
changes must occur within the ovary. The preovulatory gonadotropin surge of LH 
described previously induces follicular cells to begin to undergo luteinization. The 
process of luteinization describes the response of follicular cells to LH and their 
subsequent transition into a vascular structure which secretes high concentrations of 
progesterone (Smith et al., 1994).  In cattle, cells which make up the corpus luteum, or 
luteal cells, are known to develop from the granulosa and theca cells in the antral follicle 
(Alila and Hansel, 1984; O'Shea, 1987). It is generally accepted that granulosa cells 
develop into large luteal cells and theca cells develop into small luteal cells to form the 
corpus luteum. During luteinization, follicular cells undergo hypertrophy and hyperplasia 
and there is a shift of steroid production from estradiol to progesterone. The preovulatory 
surge of LH induces alterations in the expression of steroidogenic enzymes that allow for 
the developing CL to produce progesterone. As identified in the two-cell, two- 
gonadotropin theory, synthesis of steroid hormones is largely dependent on cholesterol 
availability and steroidogenic enzyme activity. Briefly, it involves the conversion of 
cholesterol into pregnenolone by the enzyme cytochrome P450scc, and subsequently into 
progesterone by 3β-hydroxysteroid- dehydrogenase∆ 5-∆ 4 isomerase (3βHSD). It was 
discovered that following the preovulatory surge of LH, granulosal cells had increased 
activity of 3βHSD to facilitate increased production of progesterone (Couet et al., 1990). 
Additionally, enzymes responsible for the catalyzation of progesterone into androgens 
and estradiol by P-45017α, and P-450arom, respectively, are inhibited during luteinization to 
further contribute to increased progesterone secretion (Smith et al., 1994).  
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After the establishment of a functional CL, its primary responsibility is to secrete 
adequate concentrations of progesterone to maintain pregnancy if a conceptus is present, 
as well as decrease the release of gonadotropins during pregnancy (Forde et al., 2011). 
During the mid-luteal phase when progesterone concentrations are consistently high, 
there is a down regulation of progesterone receptors in the endometrium to allow for a 
change in uterine receptivity (Kimmins and MacLaren, 2001). Progesterone secretion 
from the CL plays a large role in modulating the female reproductive tract environment 
for optimization of pregnancy. Several of these actions will be highlighted in the Steroid 
Influence on Maternal Environment and Pregnancy Success section. It was determined 
that between 15-17 days post-estrus a secondary signal is needed to maintain the CL for 
pregnancy. In the event of conception, the conceptus produces a substance known as 
Interferon Tau (INFτ) that extends the life of the CL past the estrous cycle and into 
pregnancy (Northey and French, 1980); however, if the bovine maternal recognition of 
pregnancy signal has not been identified due to lack of fertilization or inadequate 
embryonic development, luteolysis of the CL will occur. Prostaglandin is the major 
luteolytic hormone in cattle and is secreted from the uterus to induce destruction of the 
CL (Lamothe et al., 1977). Following the regression of the CL, progesterone 
concentrations will decrease and subsequently estradiol concentrations will rise to induce 
GnRH release from the hypothalamus (Forde et al., 2011) and permit the development of 
the dominant follicle (Adams et al., 1992a). These events mark the end of the luteal phase 
and return to the follicular phase. 
Estrus 
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After the completion of luteolysis and resulting decline in progesterone 
concentration, estradiol concentrations increase with growth of the next dominant follicle 
and serve as the primary signal responsible for initiating estrus behavior (Vailes et al., 
1992; Allrich, 1994; Forde et al., 2011). Estrus describes the period when a female is 
sexually receptive to mating, with the primary sign in cattle being the female standing to 
be mounted by herd mates or a bull (Forde et al., 2011).  Duration of estrus expression in 
cattle is typically 6-12 hours (Allrich, 1994). It is well established that females which 
exhibit estrus prior to artificial insemination have increased pregnancy success (Perry et 
al., 2007; Richardson et al., 2016). Larger follicle diameters, increased concentrations of 
estradiol, and increased pregnancy success is reported in heifers that exhibited estrus 
within 24 hr of FTAI compared to heifers that failed to express estrus and were induced 
to ovulate following an injection of GnRH (Perry et al., 2007). Similar results are 
reported in cows which exhibit estrus. Cows that expressed estrus had increased 
concentrations of estradiol, as well as a 62% greater pregnancy rate on d 68 of gestation 
compared to cows that were induced to ovulate without estrus expression (Perry et al., 
2005). Other studies have reported 21.2%  and 40% increases in pregnancy rate (Whittier 
et al., 2013).  When a meta-analysis was conducted on the impact of estrus expression 
prior to FTAI, Richardson et al. reported a 27%  increase in pregnancy rates for cows that 
expressed estrus at or before FTAI versus those that did not (Richardson et al., 2016).  
Furthermore, reduced conception rates for females that are induced to ovulate (Bridges et 
al., 2012; Whittier et al., 2013), may be due to inadequate estradiol concentrations to 
mediate uterine environment for sperm transport and embryo survival (Perry and Perry, 
2008b, a). In post-partum beef cows that were induced to ovulate with GnRH, serum 
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concentrations of estradiol on d 0 and progesterone on d 7 were compromised (Atkins et 
al., 2013). There are many factors that influence resumption of estrous cycles and estrus 
expression related to the ranking of reproductive traits having low priority in nutrient 
partitioning priority (Short and Adams, 1988). In particular, this may include post-partum 
anestrous, body condition score (BCS), and nutritional status. During the period of ≤30 
days to >90 days post calving, there was a 7.5% increase in the percentage of cows 
cycling with every additional 10 days post-partum (Stevenson et al., 2003b). Cows 
having a BCS of 5 or 6 are more likely to be cycling in less time following calving, and 
have greater pregnancy rates compared to cows with a BCS of 4 (Short et al., 1990). 
Aside from BCS, available nutrients in the diet also dictate estrus expression. Restricting 
energy intake during gestation and after calving reduced estrus expression (Wiltbank et 
al., 1962; Bellows et al., 1982). Estrus expression has been shown to be a pivotal factor in 
pregnancy success; therefore, management strategies that seek to optimize estrus 
expression are beneficial to improving reproductive efficiency.  
Fertilization  
Following the initiation of standing estrus, the female is receptive to mating and 
the bull can deposit semen into the vagina. Under the influence of high estradiol 
concentrations during standing estrus, the myometrium will contract to facilitate sperm 
movement to the site of fertilization. As sperm navigate through the cervix and to the 
oviduct, they utilize ions such as Ca
2+
 and Na
+
 in the maternal environment to  undergo 
capacitation to be capable of fertilizing the oocyte (Fraser, 1992, 1998). Once they have 
reached the oocyte, the sperm must traverse the protective ring surrounding the oocyte, 
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known as the zona pellucida. The zona pellucida consists of three glycoproteins (ZP 1, 
ZP2, and ZP3) that exist for structural integrity (ZP 1 and ZP2), as well as for a site of 
sperm head binding (ZP3) (Wassarman, 1988). During fertilization, the primary zona 
pellucida binding region and the acrosome reaction promoting ligand on the sperm head 
will attach to ZP3 and initiate the acrosome reaction (Myles, 1993; Ward and Kopf, 
1993). In brief, the acrosome reaction describes the process of fusion between the plasma 
membrane and the outer acrosomal membrane of the spermatozoa that facilitates release 
of enzymes necessary for penetration of the zona pellucida (Yanagimachi, 1988). After 
the spermatozoa have breached the zona pellucida, they can settle in the perivitelline 
space of the oocyte and the equatorial segment can fuse with the oocyte plasma 
membrane (Brackett et al., 1980). This process allows for the sperm nuclear membrane to 
disappear and the sperm nucleus to decondense and form the male pronucleus. Following 
formation of the male pronucleus, fusion of the male and female pronuclei, or syngamy, 
can occur and mark the end of the final step of fertilization.  
Early Embryonic Development 
After syngamy, the newly formed single cell embryo, or zygote, enters the 
beginning stages of embryogenesis. Approximately 48 hours post-fertilization, the single-
celled embryo will transition to the two cell stage following the first cleavage division 
(Shea, 1981). At this time, the cells contained in the two-celled embryo will continue to 
undergo mitotic division to form the four-celled embryo. As the mitotic divisions 
continue, the embryo accumulates more cells to form the eight-celled stage by 72 hours 
(Shea, 1981). Following the development of the eight-celled embryo, a tight mass of cells 
begins to form between days 4-5 and the embryo is termed a ‘morula’. At this time the 
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embryo will enter the uterus (Peters, 1996; Forde and Lonergan, 2012). During further 
development of the morula, differentiation of the embryonic cells into the inner cell mass 
and trophoblast, a single layer of outer cells, will occur. The distinct cell populations of 
the inner cell mass and the trophoblast, will later give rise to the body of the embryo and 
chorion of the placenta, respectively (Forde and Lonergan, 2012). Within the inner cell 
mass, gap junctions form, while tight junctions develop in the trophoblast. Tight 
junctions allow for fluid accumulation within the morula to form a fluid filled cavity 
called the blastocoele. By days 7 to 8, a clear blastocoele is visible and the embryo is 
classified as a blastocyst (Shea, 1981). Pressure inside the embryo will rise as mitotic 
divisions occur and fluid continues to collect inside the blastocoele of the blastocyst. 
Concurrently, the trophoblastic cells will produce proteolytic enzymes that weaken the 
zona pellucida to allow for it to rupture and the blastocyst to hatch between days 8 and 11 
(Flechon and Renard, 1978; Shea, 1981; Peters, 1996). Once the blastocyst is free of the 
zona pellucida, the trophectoderm cells of the embryo rapidly proliferate, and the 
conceptus begins to elongate (Forde and Lonergan, 2012). During this time, the embryo 
becomes entirely reliant upon the uterine environment for nutrients and survival (Bazer, 
1975). Between days 12-13, the blastocyst will elongate and begin to secrete embryonic 
interferons (Peters, 1996). In order for the developing conceptus to continue 
development, by day 16 it must produce adequate amounts of Interferon Tau (INFT) to 
prevent luteolysis and successfully complete maternal recognition of pregnancy (Northey 
and French, 1980; Forde and Lonergan, 2012). Following maternal recognition of 
pregnancy, the elongating embryo will attach to the maternal endometrium on day 19, 
and become attached by day 21-22 (Peters, 1996). The success of embryo survival after 
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hatching is variable based on several factors most which are believed to be mediated by 
the maternal environment. Specific detail of these interactions will be discussed in the 
subsequent section.  
Steroid Influence on Maternal Environment and Pregnancy Success 
 Several factors within the maternal environment which are regulated by estradiol 
and progesterone can influence the success of fertilization and embryo development prior 
to maternal recognition of pregnancy. When using reproductive technologies such as 
estrous synchronization, it is understood that larger dominant follicles that are known to 
secrete increased concentrations of estradiol (Vasconcelos et al., 2001; Perry et al., 2005) 
when induced to ovulate result in increased conception rates (Atkins et al., 2013). 
Additionally, increased size of the ovulatory follicle is also associated with increased 
subsequent concentrations of progesterone (Vasconcelos et al., 2001; Perry et al., 2005). 
Existing research further elucidates some of the specific effects of estradiol and 
progesterone concentrations in altering the oviductal and uterine environments, and 
subsequent pregnancy success. Estradiol plays a role in regulating the pH of the uterus 
(Perry and Perry, 2008b, a), which is an essential component of facilitating sperm 
transport and longevity (Allison and Robinson, 1972; Hawk, 1983; Larimore et al., 
2015). Furthermore, estradiol interacts with progesterone receptors to indirectly stimulate 
progesterone activity (Zelinksi et al., 1982; Ing and Tornesi, 1997), as well as increase 
the number of progesterone receptors in the uterus (Miller et al., 1977). Likewise, 
progesterone has many direct roles in regulating the uterine environment for optimal 
conditions for fertilization and the early embryo. Fraser (1998) reported that 
progesterone, a component of follicular fluid produced by granulosa and cumulus cells 
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stimulated a rise in Ca2+ and was involved in the acrosome reaction in humans, pigs and 
mice. In ovariectomized ewes administered estradiol and progesterone, RNA and protein 
synthesis were increased in the endometrium, indicative of an environment more suitable 
to support growth and development (Stone et al., 1978). Increased circulating 
concentrations of progesterone prior to conception has also been reported to increase 
conception rates (Folman et al., 1973; Corah et al., 1974), which may be due to the 
negative effect of low concentrations of progesterone on oocyte development (Mihm et 
al., 1994a). A rise in Ca
2+
 ions to facilitate the acrosome reaction to allow fertilization has 
also been observed as a result of progesterone activity (Fraser, 1998). After fertilization 
occurs, the zygote becomes reliant on the maternal environment, and progesterone 
reduces myometrial contractility and induces histotroph secretions to provide nutrients 
for the embryo (Geisert et al., 1992; Spencer et al., 2004). In ewes, glucose and amino 
acids such as, arginine, lysine, and glutamine, play positive roles in conceptus 
development, and were more abundant in the uterine fluid of pregnant compared to 
cycling females (Gao et al., 2009). Synchrony between progesterone secretion, the 
uterine environment and early embryo development is necessary for prevention of 
luteolysis (Bazer et al., 1997; Goff, 2002). Furthermore, increased concentrations of 
progesterone 2 to 3 d after estrus has been reported to have a positive effect on embryonic 
development in cattle compared to females with decreased concentrations of progesterone 
at this time (Maurer and Echternkamp, 1982; Atkins et al., 2013). Inadequate 
concentrations of both progesterone and estradiol have been recognized to negatively 
alter oviductal gene expression that can create a lack of necessary nutritents for the 
developing embryo (Buhi, 2002; Bauersachs et al., 2004). Progesterone supplementation 
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after artificial insemination influenced gene expression in the uterus and contributed to 
advanced development of the conceptus (Forde et al., 2009).  
ESTRUS SYNCHRONIZATION  
Profitability and efficiency of a beef operation can be positively influenced by 
controlling reproductive performance (Britt, 1979). Estrus synchronization is a tool 
available to producers for the manipulation of reproductive performance by controlling 
follicular waves and luteal regression to maximize pregnancy success and economic 
return. Several exogenous hormonal products are available for accomplishing this task, as 
well as a variety of estrus synchronization programs that provide producers with a 
program to best fit their schedule and breeding season goals. Whether the protocol 
selected utilizes estrus detection and/or fixed-time AI (FTAI), estrus synchronization 
offers several improvements. Shortened breeding and calving periods that improve calf 
uniformity and profitability are commonly observed when implementing estrus 
synchronization and AI (Odde, 1990). Additionally, some of these tools can stimulate 
cyclicity in anestrous cows and peripubertal heifers (Short and Bellows, 1971; Short et 
al., 1990). Monetarily, these factors offer immense economic advantages for producers. 
Operations that utilize estrus synchronization and FTAI can accrue an additional $49/cow 
using these tools due to the increased percentage of cows weaning a calf as well as the 
increase in calf weaning weight compared to operations using natural service (Rodgers et 
al., 2012). In appreciating the positive influence these reproductive management tools can 
collectively add to beef production, understanding the physiological methods of how 
these are accomplished is essential.  
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Amongst the various estrus or ovulation synchronization protocols available, 
fixed timed-AI (FTAI) protocols are used by beef producers in the United States. One of 
the most popular protocols for North American beef producers is known as the CO-Synch 
protocol (Geary and Whittier, 1998; Lamb et al., 2001; Bridges et al., 2012). CO-Synch 
protocols include an initial injection of GnRH to cause the LH surge and subsequent 
ovulation of the dominant follicle if one is present. Following ovulation, a subsequent 
follicular wave will emerge 1.5 to 2 days later. Five to seven days (depending on the 
protocol) after the initial administration of GnRH, prostaglandin F2α is given to destroy 
the CL that forms following ovulation of the dominant follicle and reduce progesterone 
concentrations. In beef cows, approximately 60 hours after the induction of luteolysis 
with PGF2α, a second GnRH is given at the time of insemination for FTAI programs to 
synchronize ovulation (Geary et al., 2001). Although the CO-Synch method is one of the 
most widely used protocols, one limitation is the percentage of females that do not 
respond to the initial GnRH injection. Several studies have observed that ovulatory 
response to the initial GnRH varies between cows and heifers (Martinez et al., 1999; 
Atkins et al., 2010a, b; Atkins et al., 2013) and is limited during the luteal phase when 
progesterone concentrations are high (Martinez et al., 1999; Colazo et al., 2008; Dias et 
al., 2010). Specifically, ovulation rates of 50-56% and 64-90% in heifers and cows, 
respectively, have been observed following an initial injection of GnRH (Martinez et al., 
2002). Without proper follicular wave emergence following the initial GnRH, ovulation 
after the second GnRH may be compromised (Martinez et al., 2002). One opportunity to 
mitigate this issue is to include a progestin after the administration of the first GnRH 
injection. Exogenous progestins modulate the estrous cycle by preventing estrus 
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expression and ovulation similar to endogenous progesterone from the CL (Smith et al., 
1994). Females that respond poorly to the initial GnRH, potentially because they are in 
the later stages of their estrous cycles (d 15 to 17) may ovulate prior to the administration 
of PGF2α (Geary et al., 2001). Inclusion of a progestin during this time would prevent 
estrus expression and ovulation until its removal, offering tighter synchrony at the time of 
FTAI (Lamb et al., 2001). Another significant limiting factor in successfully 
synchronizing suckled beef cows is the proportion of cows that are anestrous at the start 
of the breeding season (Whittier et al., 2013). Several studies have reported that the 
postpartum anestrous interval in bovine females can be manipulated with the 
administration of progestins by reducing short estrous cycles and inducing ovulation 
postpartum (Lamb et al., 2001; Stevenson et al., 2003b; Perry et al., 2004a). Lamb et al. 
(2001) observed a 20% increase in pregnancy rates among acyclic cows receiving the 
CO-Synch protocol with the addition of progesterone from a controlled internal drug 
releasing device (CIDR) compared to cows without a CIDR. Progesterone treatment can 
benefit peripubertal heifers by inducing cyclicity (Gonzalez-Padilla et al., 1975), 
allowing for increased productivity throughout their lifetime and increased likelihood of 
calving earlier in subsequent years (Short and Bellows, 1971). 
  Control of the bovine estrous cycle with exogenous hormones is an aspect of 
reproductive management that allows for a greater number of pregnancies within the 
desired breeding season. Although there are many methods that exist for the manipulation 
of follicular waves and simultaneous regression of the CL, these protocols share their 
ability to improve reproductive efficiency within a beef operation. Care in implementing 
these protocols exactly as written is required for their success; however, other 
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management factors directly influence the reproductive outcome of estrous 
synchronization and AI. A few of these factors will be discussed in detail within the 
following section. 
MANAGEMENT FACTORS AFFECTING REPRODUCTIVE SUCCESS 
Herd Health 
Herd health is a necessary aspect of cattle management that must be appropriately 
considered in order to maximize reproductive performance. Many pathogens exist that 
pose a risk for causing infectious reproductive disease in cattle. Pathogens that are most 
concerning for cattle reproductive health may be of bacterial, viral, or protozoal origin. 
Within the United States, particular attention is paid to a handful of infectious 
reproductive diseases, including: Brucellosis, Leptospirosis, Infectious Bovine 
Rhinotrachietis (IBR), Bovine Viral Diarrhea Virus (BVDV), Vibriosis, and 
Trichomoniasis. These diseases can cause devastating effects for the beef breeding herd if 
adequate prevention and herd health management practices are not implemented. Cattle 
affected by one or more of these diseases commonly experience reproductive failure as a 
result of inflammation in the reproductive tract, decreased conception rate, embryonic 
death, abortion, congenital defects, and sterility. Although each of these diseases should 
be considered for optimization of reproductive efficiency, the following section will 
focus on BVDV and the consequences of infection in cow-calf herds. 
Bovine Viral Diarrhea Virus was identified in 1946 as a cause of mucosal ulcers, 
severe diarrhea, and abortion in cattle (USDA, 2010). Since its discovery, BVDV is now 
understood to be associated with multiple other diseases in cattle. Among these 
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associative diseases, those related to reproduction may be the largest source of economic 
loss (Grooms, 2004). Furthermore, reproductive loss as a consequence of BVDV 
infection has risen over time and poses significant economic risk to beef producers 
(Evermann and Ridpath, 2002). Despite the existing and continued losses due to BVDV 
infection, the USDA reports in the Beef 2007-08 survey that 42.2% of producers with 
herds of fewer than 50 head had never heard of BVDV or only recognized the name 
(USDA, 2010). Because 79% of U.S. cow-calf operations are 50 head or less, this 
represents a large portion of beef producers and should be an area of concern (USDA, 
2009).  
 Several costly outcomes are observed when BVDV infects the breeding herd. In 
general, clinical signs observed can include poor conception rates, abortion, congenital 
defects, or birth of PI calves. Reproductive consequences of BVDV are variable related 
to the time of gestation the dam becomes infected. Prior to implantation, BVDV infection 
most commonly results in embryonic death. Whereas, infection during days 40-125 of 
gestation causes abortion, mummification, and fetal death. Additionally, from conception 
to days 120-150, the dam is vulnerable to the fetus becoming persistently infected with 
BVDV. A concise timeline of the gestation period and the reproductive consequences 
resulting from BVDV infection is depicted in Figure 2. Development of PI calves is an 
outcome unique to BVDV, and describes calves born immunotolerant to the virus. It has 
been suggested that the prevalence of the disease may be attributed to its ability to 
horizontally pass from the dam through the placental barrier during gestation and infect 
the fetus (Fray et al., 2000). As much as 1-2% of the cattle population are estimated to be 
PI, and such animals carry the virus for the duration of their lives while exposing their 
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herd mates (Houe, 1999). Persistently infected animals, as well as acutely infected 
animals serve as sources for transiently infecting the remainder of the herd. Bovine Viral 
Diarrhea Virus is capable of causing reproductive dysfunction by altering ovarian 
dynamics, uterine environment, and inflammation of most areas of the reproductive tract 
(Archbald et al., 1973; Ssentongo et al., 1980; Grooms, 2004). Several studies verify the 
cost in conception rate due to these reproductive consequences following BVDV 
infection. Virakul et al. (1988) published results comparing the conception rates in a 
group of cows that were unintentionally infected with BVDV either before or after 
breeding. It was determined that conception rate for the group of cows that were bred 
before BVDV antibodies were present was 22.2%, compared to 78.6% conception for the 
cows that had established BVDV antibodies at the time of breeding (Virakul et al., 1988). 
Similarly, McGowan et al. (1993) reported the conception rate of heifers infected with 
BVDV four days after insemination was only 33%, compared to 79% conception in the 
non-infected control group when pregnancy diagnosis was conducted 77 days after 
insemination (McGowan et al., 1993). Other studies have published similar results 
showing significantly reduced conception rates, as well as increased incidence of abortion 
in BVDV infected females in relation to non-infected control groups (Larsson et al., 
1994; Yavru et al., 2013).  
Nutrition 
The importance of nutritional management in relation to beef production is well 
known, however, there are several areas related to reproductive efficiency that are worth 
highlighting in order to optimize reproductive function and pregnancy success. Short and 
Adams (1988) provided a clear explanation of the order of nutrient partitioning in the 
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cow (Figure 3) and where reproductive function falls in the order of priority (Short and 
Adams, 1988). According to this review, nutrients are utilized in the following order: 
basal metabolism, activity, growth, energy reserves, pregnancy, lactation, additional 
energy reserves, estrous cyclicity and initiation of pregnancy, and excess reserves. Due to 
the low prioritization of estrous cyclicity and establishment of pregnancy, the importance 
of nutritional management in order to provide optimal conditions for beef females of 
reproductive age can be appreciated.  
 Nutrient restriction has several disruptive influences on reproductive function. 
The bovine estrous cycle is governed by hormones that are directly susceptible at the 
level of the hypothalamic-pituitary-gonadal axis to being altered by nutritional factors. In 
heifers nutritionally restricted until they became anovulatory, reduced LH pulse 
amplitude and frequency was reported in the cycle immediately prior to anovulation 
(Bossis et al., 1999). Additional studies have identified reduced size of preovulatory 
follicles in nutrient restricted females (Murphy et al., 1991; Mackey et al., 2000), as well 
as reduced follicular growth of the dominant follicle (Bossis et al., 1999). Further, 
preovulatory estradiol concentrations may be reduced in nutrient restricted females 
(Bossis et al., 1999). In relation to luteal function and progesterone concentrations, 
dietary restriction is reported to hinder function of the CL (Spicer et al., 1990). Increased 
CL diameter in heifers fed at the maintenance level compared to those restricted has also 
been reported (Bossis et al., 1999). The effects of nutrient restriction on circulating 
progesterone concentrations, however, can vary. Some groups have reported that nutrient 
restriction reduced progesterone concentrations (Hill et al., 1970; Gombe and Hansel, 
1973; Imakawa et al., 1983), while others have reported an increase (McCann and 
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Hansel, 1986), or no difference (Corah et al., 1974; Murphy et al., 1991) in progesterone 
concentration, illustrating that the impacts of the diet play a complicated role in 
reproductive function.  
Due to the previously discussed impacts on hormone concentrations, females in a 
negative energy balance are prone to cyclic ovarian dysfunction that can ultimately 
influence interval to estrus, follicular dynamics, and uterine environment. Weight loss 
induced by inadequate nutrients in the diet can result in a lengthened interval to estrus 
(Wiltbank et al., 1962; Dunn and Kaltenbach, 1980), or complete induction of anestrous 
(Imakawa et al., 1983; Bossis et al., 1999). It is reported that for every kilogram of body 
weight lost during the prepartum period, there is a 0.5% reduction in the number of cows 
which return to estrus within 60 days post-calving (Dunn and Kaltenbach, 1980). As 
discussed previously, negative energy balance can also stunt the growth of the dominant 
follicle (Murphy et al., 1991; Mackey et al., 2000), which has the potential to reduce 
estradiol concentrations and subsequently influence interval to estrus (Bossis et al., 
1999). Fluctuations in follicular development may also mediate steroidogenic changes 
that affect conception and pregnancy establishment. Both estradiol and progesterone play 
pivotal roles in moderating the female reproductive environment to support pregnancy. In 
the event estradiol and/or progesterone become dampened due to nutritional limitations, 
several consequences are possible. Development of a large dominant follicle not only 
allows for increased estradiol secretion (Vasconcelos et al., 2001; Atkins et al., 2013), but 
is also related to increased CL diameter following ovulation (Vasconcelos et al., 2001). 
Estradiol is credited for positively influencing uterine pH, sperm motility, and embryo 
survival (Perry and Perry, 2008b, a). Progesterone and its regulation of oviductal and 
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endometrial gene expression (Buhi, 2002; Forde et al., 2009), as well as histotroph 
secretions for the developing embryo promote optimal conditions for embryonic 
development (Geisert et al., 1992; Spencer et al., 2004). Uterine receptors for both 
estradiol and progesterone are sensitive to changes in circulating steroid concentrations as 
early as the cycle preceding conception, as well as seven days following insemination 
(Diskin and Morris, 2008). Diskin et al. (2006) reported lower conception rates due to 
lack of adequate nutrition in a meta-analysis comparing the reproductive response of 
dairy cows housed on pasture with or without supplementation either with concentrate or 
total mixed ration. Cows kept on pasture without supplementation had a 19% reduction in 
conception rate to the second service compared to those which were supplemented 
(Diskin et al., 2006). Therefore, dietary restrictions which result in dampened secretion of 
these steroid hormones ultimately damage the opportunity for reproductive success.  
Although it is expected that females experiencing a deficit of nutrients in the diet 
will be unable to be reproductively efficient, there are proposed explanations relative to 
blood metabolites for the negative effects on reproductive performance. Several blood 
metabolites can be measured to evaluate the extent of nutrient restriction on subject 
animals, as well as predict reproductive response to diet changes. Circulating non-
esterified free fatty acids (NEFA), glucose, and protein concentrations are a few that 
serve as indicators of nutrient availability. Non-esterified free fatty acids are a product of 
lipolysis, and indicate a fasting state when found in high concentrations. High NEFA 
concentrations were found to be toxic to bovine granulosa cells (Vanholder et al., 2005). 
Moreover, Leroy et al. (2005) conducted a study with 5,115 bovine embryos and the 
effects of high NEFA concentration on oocyte maturation and embryo development 
23 
following in vitro fertilization. They observed a negative influence of elevated NEFAs on 
oocyte development due to a hindrance or inhibition of meiosis progression. It was 
suggested this could be the cause of the subsequently observed reduction in fertilization, 
cleavage rates and blastocyst formation (Leroy et al., 2005). Contrary to NEFA 
concentration, low blood concentrations of glucose are indicative of a lack of nutrients in 
the diet (Wagner and Oxenreider, 1971). When bovine oocytes were matured in a 
hypoglycemic environment in vitro, developmental competence was negatively 
influenced. Additionally, it was noted that cumulus-oocyte complexes had very little 
expansion, exhibited delayed cleavage and blastocyst formation. These effects were noted 
to have later damaging effects on the developing embryo (Leroy et al., 2006). Lastly, in 
addition to measuring blood NEFA and glucose concentrations, protein can be measured 
to evaluate nutrient partitioning status. In the absence of glucose, animals experiencing 
nutrient restriction may utilize protein as an energy source (Tamminga et al., 1997). It is 
reported that ammonia and urea are products of protein catabolism and concentrations 
changes of these metabolites can impair oocyte maturation as well as embryo 
development (Leroy et al., 2008). Protein concentrations can be measured in the research 
setting to assist in evaluating the metabolic status of the subject animals, as well as help 
explain observed reproductive failure related to diet changes.  
RESYNCHRONIZATION 
 Artificial insemination is a tool that can provide producers with the opportunity to 
incorporate elite genetics into their herds and maximize resources in order to improve 
production and profitability. Fixed time artificial insemination has been implemented as a 
tool to increase the number of females inseminated during a given breeding season due to 
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its allowance in servicing large groups of females at once. It is understood that utilization 
of FTAI can facilitate 50 to 60% of the herd conceiving to the selected AI sires on the 
first day of the breeding season (Perry et al., 2002; Bridges et al., 2008; Lamb et al., 
2010); however, the remaining 40-50% of the herd that are open after AI still requires 
subsequent service from high quality clean-up bulls. This can be a deterrent for many 
producers to utilize the technology. The required time and labor to synchronize estrus and 
AI are often cited as one of the primary reasons beef producers do not readily take 
advantage of estrus synchronization and AI (NAHMS, 1998). Estrus resynchronization 
and an additional FTAI provide a valuable opportunity for the remaining 40 to 50% of 
females that do not become pregnant after the first insemination. Currently, the most 
common method to address the remainder of the open females following an initial 
insemination is to turn out clean-up bulls (Bó et al., 2016); however, the inclusion of a 
second AI allows for a greater percentage of the herd to conceive to genetically superior 
sires, further tighten the breeding to calving interval, and maximize input time and labor 
with higher economic returns. Aside from improving the reproductive efficiency of the 
herd, and subsequent profitability, resynchronization may also potentially eliminate the 
need for clean-up bulls. Regardless of the chosen program, the most effective execution 
of resynchronization protocols requires initial insemination of all females, detection of 
open females early in the breeding season, and re-insemination of open females as soon 
as possible (Bó et al., 2016). Methods of resynchronization will be discussed in the 
current section, while early pregnancy detection opportunities will be evaluated later in 
the Pregnancy Detection section. 
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 After an initial synchronization protocol, animals that do not become pregnant 
should have closely synchronized estrous cycles (Stevenson et al., 2003a), making the 
possibility of resynchronization an accomplishable task. Estrous resynchronization can be 
achieved in a variety of ways. Several different approaches can be made towards 
accomplishing this goal, including estrus detection or FTAI options, as well as programs 
which include or do not include progestins. In general, the selected pregnancy detection 
method will determine the interval to resynchronization. When using return to estrus to 
detect pregnancy after the first insemination, females can be monitored for 17-24 days 
after the first AI for return to estrus and re-inseminated upon detection of standing heat. 
Although, often times beef producers prefer methods that do not require the time and 
labor of estrous detection. Instead, transrectal ultrasonography is commonly used to 
evaluate pregnancy status 30 to 36 days after an initial insemination (Stevenson and Britt, 
2017), allowing for subsequent resynchronization and AI shortly after. Because time and 
labor are often the most prevalent deterrent for adoption of estrous synchronization and 
AI in beef operations, there is value in generating resynchronization programs that reduce 
the time and labor required. One way to mitigate the required time and animal handling 
period is to omit estrus detection and instead use a resynchronization protocol with FTAI. 
Bo et al. (2016) described in a review of resynchronization protocols their success when 
including two FTAI periods rather than estrus detection. They were able to achieve an 
overall pregnancy rate of 80% after two FTAI by submitting 6,431 suckled beef cows and 
heifers to CIDR insertion on day 16 after the first AI and administering GnRH on day 21. 
Ultrasonography was conducted on day 28 and any females identified as non-pregnant 
received PGF2α, and were given estradiol benzoate (EB) or GnRH on day 29 or 30, 
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respectively. The second FTAI occurred 30 hours after EB or 12 hours after GnRH 
administration (Bó et al., 2016). Pregnancy success results like this warrant further 
investigation with resynchronization programs to maximize the number of AI 
pregnancies, while reducing the costs associated with keeping clean-up bulls. 
 Among the estrus detection or FTAI protocols available, the decision of 
including a progestin product also remains. Resynchronization programs that incorporate 
the use of a new or previously used progesterone device have been shown to reduce the 
variation in return to estrus (Van Cleeff et al., 1996; Purvis and Whittier, 1997). The 
ability of progestins to prevent ovulation from occurring during their administration 
period (Christian and Casida, 1948; Colazo et al., 2008) and improve synchrony in return 
to estrus following an initial FTAI provides merit to their inclusion in a resynchronization 
program, although, it is important to consider that altering the circulating concentrations 
of progesterone during certain stages of the cycle may subsequently change the 
expression of genes in the uterus. It has been shown that gene expression in the 
endometrium varies between the estrus and diestrus periods of the cycle (Bauersachs et 
al., 2005), as well as the ability of progesterone to induce many of these changes 
(Spencer et al., 2004; Forde et al., 2009). Circulating progesterone concentrations are 
vastly different during these stages of the estrous cycle, and pose the question of whether 
progestin supplementation during a resynchronization protocol would induce 
transcription of endometrial genes that are important for the maintenance of pregnancy. 
Further, without a CL present, LH pulse frequency is increased during progestin 
treatment, allowing for the development of persistent follicles (Kinder et al., 1996). 
Conflicting results have been reported on the influence of progestin supplementation in a 
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synchronization protocol on pregnancy success following AI. Stevenson et al. (2003) 
observed reduced fertility for the resynchronized AI in a progestin and estradiol 
cypionate (ECP) treatment group compared to controls (Stevenson et al., 2003b). Purvis 
and Whittier (1997) compared conception rates to a second AI after resynchronization 
and reported no statistical difference in MGA treated females, however, they highlight a 
numerical difference compared to controls (Purvis and Whittier, 1997). Similarly, 
significantly lower conception rates were observed after an initial AI of 7d- MGA 
synchronized beef heifers in comparison to the group only synchronized with PGF2α  
(Chenault et al., 1990). A proposed explanation for the occasionally observed reduction 
in conception in progestin treated females during synchronization is variation in response 
to when progestin treatment is applied, specifically during the later period (after day 14) 
of the estrous cycle. During this stages, the CL can spontaneously regress to allow for 
increased LH pulsatility, but ovulation is prevented due to the progesterone provided by 
MGA or another progestin device (Chenault et al., 1990). This can lead to the 
development of a persistent follicle and subsequent ovulation of an aged oocyte, 
ultimately reducing fertility to  insemination following synchronization (Mihm et al., 
1994a; Kinder et al., 1996) But, contradictory results have also been reported. 
Progesterone supplementation during metestrus can stimulate early embryonic 
development, and supplementation during early diestrus was associated with increased 
pregnancy rates to artificial insemination (Macmillan et al., 2001). Additionally, insertion 
of intravaginal progesterone devices on d 14 after an initial AI and removal 7 d later 
tightened return to service without negatively affecting conception to a subsequent AI in 
dairy cows (Chenault et al., 2003). However, in a series of similar studies evaluating 
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progestin treatment starting d 13 after an initial AI, significant decreases in conception 
rate to the subsequent AI were observed compared to controls not treated with a progestin 
(Stevenson et al., 2003a). Therefore, the influence of progestin supplementation during 
estrous resynchronization and its degree of necessity is an area to be evaluated with 
further research. 
PREGNANCY DETECTION 
In order to reduce the calving-to-conception interval, early accurate pregnancy 
detection is essential for identifying which females are pregnant. By determining which 
females are pregnant versus non-pregnant, it is possible to apply further reproductive 
management decisions with greater confidence and potentially greater economic return. 
Open females at the end of the breeding season are often culled from the herd—making 
accurate pregnancy detection necessary in order to avoid selling pregnant females. 
Additionally, during implementation of a resynchronization program, early pregnancy 
detection is needed to identify females that are appropriate candidates for 
resynchronization after the first artificial insemination. Several methods of pregnancy 
detection in cattle currently exist, including return to estrus, transrectal palpation, 
transrectal ultrasonography, and blood collection for analysis of progesterone and/or 
conceptus derived pregnancy-associated glycoproteins. Although each pregnancy 
detection method has its associated advantages and limitations, all are useful tools in 
optimizing culling decisions, reproductive success, and economic return in bovine herds. 
Return to Estrus 
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During the estrous cycle, if there is no signal from an embryo to stimulate 
maternal recognition of pregnancy, the female fails to maintain the corpus luteum 
(Northey and French, 1980). In the event this occurs, the release of PGF2α and subsequent 
regression of the CL allows for expression of standing estrus and ovulation. These 
females will return to estrus and exhibit signs that can be observed for pregnancy 
detection. As cows and heifers gradually return to estrus, they may become more vocal 
and restless, as well as attempt to mount other females (Diskin and Sreenan, 2000). A 
clear mucous discharge, swollen vulva, and rubbed tail head might also indicate return to 
estrus. Amongst these characteristics, the most definitive and reliable sign a bovine 
female is in a period of sexual receptivity is standing to be mounted by other females 
(Vailes et al., 1992; Allrich, 1994; Forde et al., 2011). Visualization of these estrus signs 
17-24 days after insemination can indicate failure of pregnancy establishment. It is 
reported, however, that signs of heat are often missed during detection (Williamson et al., 
1972). The return to estrus detection rate is reported to fall between 30-70% depending 
on the herd, indicating that a large percentage of estrus events may go unnoticed (Diskin 
and Sreenan, 2000). The percentage of animals detected in estrus increases with 
additional time spent observing animals. It was found that careful observation in the early 
morning and late evening allowed for up to 70% of estrus events to be identified. But, in 
order for the percentage to reach 90%, an additional three observation periods (4-5 hour 
intervals) during the day was required (Diskin and Sreenan, 2000). Further, it has been 
reported that around 5% of pregnant animals are able to show signs of estrus (Thomas 
and Dobson, 1989). Using return to estrus as a method of pregnancy detection requires 
little equipment and cost, but, the margin of error for identifying the correct females that 
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are open can be detrimental to the effectiveness of this method. Because every missed 
estrus results in a loss of 3 weeks’ production (Zemjanis, 1970), other methods of 
pregnancy detection that are more effective and reliable should be considered.  
Transrectal palpation 
Transrectal palpation stands as the oldest method of identifying pregnancy in 
cattle. It was first reported by Wisnicky and Casida in 1948 at day 35 of gestation (Sasser 
et al., 1986). Although this method requires only handling facility equipment and is, 
therefore, less expensive than other methods, the accuracy of palpation is limited to the 
technician and stage of gestation. Successful utilization of this method requires palpation 
of at least one of a few structures present during pregnancy. These include the amniotic 
vesicle, slipping of the chorioallantoic membranes between the fingers, placentomes, or 
the fetus (Wisnicky and Cassida, 1948; Zemjanis, 1970; Roberts, 1986). Because these 
structures are not simultaneously present during all stages of pregnancy, the technician 
must be able to detect what structures are available according to the time during gestation 
the animal is being palpated. Despite that, other pregnancy detection methods discussed 
in later sections offer added benefits compared to rectal palpation, 18% of the beef 
industry utilizes this method of pregnancy detection (USDA, 2007). This method, 
therefore, stands as the most commonly used procedure for detecting pregnancy in beef 
cattle. 
Ultrasonography 
After the adoption of transrectal palpation as a tool to evaluate reproductive tracts 
and determine pregnancy in research animals, transrectal ultrasonic imaging provided the 
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opportunity for many discoveries beyond the limitations of transrectal palpation. 
Although ultrasonography used in cattle was first documented in the early 1980’s 
(Pierson and Ginther, 1984), adoption of the new technology was a slow process. During 
the years of 1985 to 1990, there were few cattle reproductive biology studies reported in 
the Journal of Animal Science that utilized ultrasonography (Griffin and Ginther, 1992). 
Despite its slow incorporation into reproductive biology research protocols, it allowed for 
a method of observing morphological changes and reproductive events.  
Ultrasonographic imaging allows for ovarian, uterine, and conceptus 
characterization, as well as observation of embryonic loss when used as a research tool. 
In standard cattle management practice, it commonly serves as a method of pregnancy 
detection when conducted by an experienced technician. In 2007, 2.2% of the beef 
industry was conducting pregnancy detection with ultrasonography (USDA, 2007). 
Ultrasonography in large animals is most often accomplished transrectally to allow for 
close contact of the ultrasound transducer with the reproductive tract. This close 
proximity of the transducer with underlying structures permits the use of high frequency 
ultrasound probes that can create detailed images of the scanned structures (Griffin and 
Ginther, 1992). Compared to transrectal palpation as a method of identifying pregnancy, 
ultrasonography can be accurately used during an earlier time of gestation, and provides 
more detail of the tract being scanned and with less potential risk of harming an existing 
pregnancy. Some limitations to ultrasonography include: the cost of the equipment, strain 
on the arm and shoulder, as well as the time required to obtain adequate images (Perry 
and Cushman, 2016). Amidst these limitations, when being conducted by an experienced 
technician, pregnancy can be detected by day 26 of gestation (Kastelic et al., 1991). 
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Furthermore, this method also provides information of viability and developmental status 
of the embryo, as well as observation of a fetal heartbeat (Perry and Cushman, 2016). 
Earlier detection of pregnancy offers the opportunity to identify open females sooner, and 
subsequently be able to make appropriate management decisions to optimize the 
profitability of the herd. As will be discussed in following sections, one method of 
improving reproductive efficiency of a herd can be to pair early pregnancy detection with 
incorporation of estrus resynchronization. Transrectal ultrasonography is one method of 
pregnancy detection that can be effectively utilized to implement such a program.  
Blood Progesterone Analysis  
Evaluation of circulating progesterone concentrations, particularly using RIA, is a 
viable method of pregnancy detection in cattle. Prior to the development of the 
radioimmunoassay (RIA) for progesterone, existing methods of quantifying circulating 
levels of progesterone were difficult, required large volumes of blood, and had undefined 
limits of error (Gomes and Erb, 1965). Since the development of a method to measure 
small quantities of progesterone with high sensitivity and specificity with RIA (Spieler et 
al., 1972), the characterization of progesterone concentrations throughout the bovine 
estrous cycle has been possible. Circulating concentrations of progesterone can be used 
as an indicator of luteal function. Progesterone concentrations ≥ 1 ng/mL are indicative 
of cyclicity due to the presence of a functional CL, while concentrations < 1 ng/mL from 
multiple samples illustrates anestrous due to failure of CL development (Dobson et al., 
1975). In using progesterone concentrations to evaluate pregnancy, females identified as 
pregnant will maintain elevated concentrations of progesterone after d 16, while 
progesterone concentrations will decrease in non-pregnant females (Hendricks and 
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Dickey, 1970). During proestrus, or approximately 1 to 4 days before estrus, progesterone 
concentrations decline (Hendricks et al., 1971), corresponding closely with the regression 
of the CL at this time if pregnancy does not occur. Measurement of circulating 
progesterone concentrations as a pregnancy detection method provides an approach to 
pregnancy diagnosis that does not require the time of detecting estrus, nor the equipment 
and technician associated with rectal palpation or ultrasonography. Despite the 
advantages of measuring progesterone to determine pregnancy, there are several 
limitations with this method. In order to accurately use this method for pregnancy 
detection, there must be several samples to confirm the presence of the CL due to 
pregnancy establishment. If too few samples are taken and at similar time points during 
the estrous cycle, the high progesterone concentrations measured may be due to the 
normally developed CL during the luteal phase, rather than due to pregnancy. For 
example, when using a single plasma sample collected 19 to 22 days after AI and a cut 
off progesterone concentration of ≥ 2.5 ng/mL, sensitivity and specificity in identifying 
pregnancy status varied. All cows determined non-pregnant by progesterone 
concentrations were confirmed non-pregnant by rectal palpation conducted six to seven 
weeks post-AI, but only 85% of pregnant animals by progesterone were found pregnant 
by rectal palpation (Shemesh et al., 1973). It was suggested this result may be due to 
early embryonic loss, but it was also recognized when collecting samples for 
progesterone analysis during this period of early gestation, the risk of false positives 
increases due to lengthened estrous cycles. Alongside this limitation, utilization of a 
progesterone RIA as a pregnancy detection method requires specific laboratory 
equipment, radioactive materials, and can be costly (Colazo et al., 2008). Valuable 
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information can be collected from analyzing circulating concentrations of progesterone, 
but due to these limitations, there are other pregnancy detection methods that offer 
greater ease of implementation for beef producers. 
Pregnancy-associated glycoproteins (PAG) 
Conceptus derived pregnancy-associated glycoproteins, or PAGs, are a member 
of the aspartic proteinase family and are derived from at least 22 genes in cattle (Green 
and Hennessy, 2018). Other members of the aspartic proteinase family include the gastric 
enzymes chymosin and pepsin, the lysosomal enzyme cathepsin D, and renin, which are 
responsible for protein degradation in a variety of biochemical pathways (Davies, 1990). 
The exact purpose of PAGs has not yet been determined, but it is believed some may play 
a role in parturition and protection of the fetus from maternal immune response (Zoli et 
al., 1992). Pregnancy Associated Glycoproteins are known to be produced from 
trophoblast cells from the bovine placenta (Reimers et al., 1985; Wallace et al., 2015).  In 
cattle, these proteins can be classified into two major groups according to their placental 
cell origin; evolutionary or ancient PAGs, and modern PAGs (Telugu et al., 2009). 
Evolutionary or ancient PAGs are transcribed in all cotyledonary trophoblast cell types 
and possess the activity of typical aspartic proteinases. In contrast, the more recently 
developed modern PAGs are produced only by a specific type of trophoblast cell called 
giant binucleate cells (GBC), also known as binucleate cells (BNC) (Green et al., 2000). 
Modern PAGs represent the largest subgroup of PAGs produced in cattle and are 
localized within secretory granules in the giant binucleate cells (Reimers et al., 1985; 
Green et al., 2000; Telugu et al., 2009). During early embryonic development, GBCs 
migrate and fuse with uterine epithelial cells (Wooding, 1982). Following cell fusion, the 
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secretory granules move towards the basal side of the uterine epithelium and release their 
contents via exocytosis into maternal circulation (Wooding, 1992) (Figure 4). Formation 
of GBCs occurs around day 25 of gestation, which corresponds with previous reports of 
the time period PAGs are detectable in maternal circulation (Wathes and Wooding, 1980; 
Sasser et al., 1986). More recently, it has been reported PAGs are detectable by day 22-
24 of gestation (Pohler et al., 2013). Although, day 28 of gestation remains the earliest 
most reliable day PAG concentrations can be used to detect pregnancy in cattle (Reese et 
al., 2018). The expression and regulation of PAG genes change throughout gestation 
(Green et al., 2000). It was discovered that several PAGs are secreted in increasing 
concentrations throughout the duration of gestation and peak at the time of parturition 
(Sasser et al., 1986; Zoli et al., 1992; Green et al., 2005). Many remain identifiable in 
maternal circulation for 80-100 days post-partum (Green et al., 2005). 
Amongst several conceptus derived proteins which are present in early bovine 
gestation, pregnancy-specific protein B (PSPB) was identified in 1982 (Butler et al., 
1982), and served as the protein of interest for the first serological test developed to 
identify pregnancy in cattle. The development of a radioimmunoassay (RIA) to measure 
pregnancy-specific protein B in 1986 was the first serological method of pregnancy 
detection in the bovine species (Sasser et al., 1986). Since the original discovery and 
characterization of PAGs, commercial tests have been developed for use in pregnancy 
detection. Utilization of commercial PAG assays provides an efficient and economical 
way to detect early pregnancy in cattle. With the popularity of PAG assays rising, studies 
have been conducted to compare the accuracy of blood pregnancy tests with 
ultrasonography in early pregnancy detection. Very good agreement between the ability 
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of both PSPB and other PAG blood tests with transrectal ultrasonography to detect early 
pregnancy has been previously reported (Silva et al., 2007; Romano and Larson, 2010; 
Northrop et al., 2019). When using PAG assays on day 30 of gestation, accuracy is 
typically 95% or higher in identifying pregnant animals (Green and Hennessy, 2018). The 
close agreement of these PAG based pregnancy tests with ultrasonography creates an 
opportunity for producers to implement early pregnancy detection on a more economical 
basis, as well as without the requirement of costly equipment and a trained technician. 
Additional research evaluating the validity of existing and future PAG based tests will be 
beneficial to support the use of this method in pregnancy detection in cattle and its use in 
application of resynchronization for AI. 
CONCLUSIONS 
Several opportunities exist for beef operations to improve herd performance and 
profitability through reproductive management practices. Programs that optimize the use 
of biotechnologies such as estrous synchronization, artificial insemination, early 
pregnancy detection, and an additional insemination allow for incorporation of tighter 
breeding and calving seasons, an increase in the number of females that conceive to elite 
sires, and overall improved economic return from the resulting pregnancies. Room exists, 
however, for the investigation of the most beneficial protocols to implement early 
pregnancy detection and resynchronization. Following chapters will discuss the 
possibilities of recently developed pregnancy detection methods, as well as the evaluation 
of progestin inclusion in a resynchronization program. To contribute to existing research 
surrounding the effects of reproductive disease in cow-calf production, the influence of 
BVDV infection in vaccinated herds will be included. Finally, the relationship between 
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nutritional management in beef heifers prior to and shortly following AI will be 
compared to evaluate the effects on estrus expression, uterine environment and embryo 
development. 
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Figure 1. Summary of events occuring during the estrous cycle and associated hormones. 
Adapted from Senger, 2003. 
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Figure 2. Potential clinical reproductive outcomes following infection with Bovine Viral 
Diarrea Virus. EED= Early embryonic death. Adapted from Fray et al. 2000, Grooms et 
al. 2004, and Yavru et al. 2013. 
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Figure 3. Nutrient partitioning in the cow. Adapted from Short and Adams, 1988. 
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Figure 4. Binucleate giant cell (BNGC) migration. Reprinted from Pathways to 
Pregnancy and Parturition, 3rd Ed. from Current Conceptions, Inc. Senger, 2003 
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CHAPTER 2 
EFFECT OF PROGESTERONE SUPPLEMENTATION IN A 
RESYNCHRONIZATION PROTOCOL ON FOLLICULAR DYNAMICS AND 
PREGNANCY SUCCESS 
ABSTRACT 
The objective of this study was to evaluate the necessity of a controlled internal 
drug releasing device (CIDR) in a fixed-time AI resynchronization protocol. Beef cows 
and heifers over a two year period from sixteen herds were inseminated using the 7-day 
CO-Synch + CIDR protocol. On d 21 following the first insemination, the protocol was 
repeated, with animals either receiving a CIDR or no CIDR.  Pregnancy status was 
determined on d 28 by both transrectal ultrasonography and the IDEXX Rapid Visual 
Pregnancy Test. Non-pregnant animals by both methods (n = 373 cows, n = 453 heifers) 
received an injection of PGF2 and were time inseminated 52 to 56 (heifers) or 60 to 66 
(cows) h later or bred following detection in estrus. Corpora lutea (CL) number and 
largest follicle diameter (LF) were recorded on a subset of non-pregnant animals (n = 
229) from each herd and treatment at time of pregnancy diagnosis. Estrus expression was 
recorded at time of insemination. Pregnancy status was determined a minimum of 28 d 
following the second AI. Statistical analyses were performed using the GLIMMIX 
procedure of SAS for estrus, and pregnancy, including age and year in the model. The 
final model was obtained following stepwise removal of insignificant interactions. The 
MIXED procedure was utilized for analyses of CL number and LF. There was no effect 
(P > 0.55) of treatment on AI 1 pregnancy (CIDR; 45.30 ± 1.8%, no CIDR; 47.48 ± 
1.8%) AI 2 pregnancy (CIDR; 28.54 ± 5.2%, no CIDR; 29.56 ± 4.9%), or overall 
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pregnancy (CIDR; 58.7 ± 7.3%, no CIDR; 58.6 ± 7.4%). Treatment influenced (P < 
0.0001) estrus expression prior to AI 2 (CIDR; 56.1 ± 5.5%, no CIDR; 36.4 ± 5.2 %). 
There was an effect of treatment x age on AI 2 pregnancy (P = 0.007), with heifers that 
received a CIDR having greater AI 2 pregnancy than heifers that did not receive a CIDR 
(CIDR; 34.9 ± 5.8%, no CIDR; 24.8 ± 4.9%, P = 0.04). Heifers given a CIDR also tended 
to have higher AI 2 pregnancy than cows with a CIDR (CIDR Heifers; 34.9 ± 5.8%, 
CIDR Cows; 22.9 ± 6.0%, P = 0.06), and cows without a CIDR tending to have higher 
pregnancy than heifers without a CIDR (no CIDR Heifers 24.7 ± 4.9%, no CIDR Cows; 
34.8 ± 6.4%, P = 0.07). Estrus expression impacted AI 2 pregnancy success (41.0 ± 5.9% 
estrus vs. 19.43 ± 3.9% no estrus; P < 0.001), as well as the interaction of treatment, age, 
and estrus expression (P = 0.04). Heifers not exhibiting estrus had increased AI 2 
pregnancy rate with CIDR inclusion (CIDR; 28.2 ± 6.8%, no CIDR; 17.9 ± 4.8%), while 
cows not exhibiting estrus had decreased AI 2 pregnancy rate with CIDR inclusion 
(CIDR; 9.3 ± 4.2%, no CIDR; 27.7 ± 6.8%). There was no effect of treatment on 
embryonic loss (P = 0.62), CL number (P = 0.18), follicle diameter (P = 0.93). There 
was a tendency for age to influence the presence of ≥ 12 mm size dominant follicles (P = 
0.08), with a greater percentage observed in cows (Cows; 63.1 ± 6.9%, Heifers; 48.2 ± 
10.6%). Further, there was a tendency for an effect of treatment x age interaction on 
follicle size (P = 0.07). In conclusion, the use of a CIDR in this resynchronization 
protocol increased estrus expression, increased AI 2 pregnancy for heifers, but reduced 
AI 2 pregnancy in cows that failed to show estrus, and did not influence overall 
pregnancy or embryonic loss.  
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INTRODUCTION 
Optimization of reproductive management tools such as, estrus synchronization 
and artificial insemination, allows for the incorporation of proven genetics, shorter 
calving to breeding intervals and increased profitability of beef herds (Seidel, 1995). 
Fixed time artificial insemination (FTAI) protocols can facilitate 50 to 60% of the herd 
conceiving to a genetically superior AI sire on the first day of the breeding season (Perry 
et al. 2002, Patterson et al 2003, Bridges et al., 2008, Lamb et al 2010, Bridges et al 2012, 
Perry 2012, Bridges et al 2014). The remaining 40-50% of the herd that is not pregnant 
after this first AI, however, still requires follow-up inseminations either by estrus 
detection and AI or from a high quality clean-up bull.  Thus, the labor for estrus detection 
and AI or the need for a high-quality clean-up bull can be a deterrent for many producers 
to utilize estrus synchronization. The required time and labor needed for estrus 
synchronization, estrus detection, and AI are often cited as one of the primary reasons 
beef producers do not readily take advantage of these technologies (Britt, 1987).  
Implementing a resynchronization program and second FTAI can mitigate these afore 
mentioned deterrents by offering producers an increased percentage of the herd 
conceiving to AI, and potentially eliminating the need for clean-up bulls. Furthermore, 
the combination of a rapid, chute-side chemical pregnancy test with resynchronization 
may contribute to the appeal for producers to adopt these technologies by minimizing the 
time and labor but increasing AI pregnancies.  
Blood chemical pregnancy tests offer a potential alternative to using 
ultrasonography for early pregnancy detection after an initial FTAI in order to implement 
a resynchronization protocol (Silva et al., 2009). Utilization of blood pregnancy tests 
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eliminates the necessity for costly equipment and a skilled technician to diagnose 
pregnancy by d 28 of gestation (Pohler et al., 2016), therefore allowing for 
resynchronization and a second FTAI before d 32 of the breeding season. These tools 
used together can offer an opportunity for a larger percentage of the herd to conceive to 
AI, and, therefore, minimize time and labor.  
Many estrus synchronization protocols incorporate the use of a progestin, such as 
melengestrol acetate (MGA) or a controlled internal drug releasing device (CIDR). 
Protocols which include an exogenous progestin prevent estrus expression during the 
period the progestin is administered, as well as prolong the estrous cycle until after 
luteolysis (Brown et al.1988 Lucy et al., 2001). In addition incorporating a progestin in 
an estrus synchronization protocol allows the protocol to induce estrous cycling status in 
animals that have not yet initiated estrous cycles (Yavas and Walton, 2000; Lucy et al., 
2001; Perry et al., 2004b), and treatment with some progestins before the first postpartum 
ovulation reduced or eliminated the occurrence of a short luteal phase (Smith et al., 1987; 
Zollers et al., 1989; Perry et al., 2004b).  Several studies have also demonstrated the use 
of a progestin to reduce variation in return to estrus after being previously subjected to 
estrus synchronization (Stevenson and Mee, 1991; Van Cleeff et al., 1996; Purvis and 
Whittier, 1997). Despite the benefits of including a CIDR when synchronizing estrus, it is 
often the most expensive component of the protocol, and has been demonstrated to 
impact LH pulse frequency (Roberson et al., 1989a; Kojima et al., 1992; Grant et al., 
2011b) and follicular growth rate (Grant et al., 2011b). Furthermore, treatment of heifers 
or cows that have initiated normal estrous cycles with a progestin, after corpus luteum 
(CL) regression has occurred, resulted in the formation of persistent follicles (Zimbelman 
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and Smith, 1966; Sirois and Fortune, 1990; Fortune and Rivera, 1999), and ovulation of 
persistent follicles was associated with low fertility (Mihm et al., 1994b).  Thus, in a 
resynchronization protocol when animals should have a CL present, evaluating the 
necessity of CIDR inclusion may allow for decreased cost per head while retaining the 
time and labor benefits of this FTAI protocol.  
The objectives of this study were 1) to evaluate the necessity of a CIDR in a 7-d 
CO Synch resynchronization protocol, and 2) compare the ability of a chute-side blood 
pregnancy test and ultrasonography to accurately determine pregnancy status on d 28 
post-AI. Our hypotheses were 1) that the inclusion of a CIDR would not be necessary in 
order to support adequate pregnancy rates, and 2) use of a chute-side blood pregnancy 
test would be comparable in accuracy to ultrasonography in determining pregnancy status 
on d 28. 
MATERIALS AND METHODS 
All procedures were approved by the South Dakota State University Institutional Animal 
Care and Use Committee. 
Experimental Design  
Beef cows and heifers from sixteen different herds over a two year period in 
South Dakota (n = 667 cows, n = 873 heifers) were initially synchronized using the 7-day 
CO Synch + CIDR protocol and artificially inseminated on d 0. On d 21 following the 
first insemination, the 7-day CO Synch protocol was repeated and GnRH (100 µg as 2cc 
of Cystorelin i.m.; Boehringer Ingelheim Animal Health; Duluth, GA) was administered 
to all animals. Additionally, animals were assigned evenly to one of two treatments 
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(CIDR or no CIDR) blocked on estrus expression prior to the first AI. Cows and heifers 
assigned to the CIDR treatment had a CIDR inserted intravaginally on d 21 and removed 
on d 28. On d 28, blood samples were collected and transrectal ultrasonography was 
performed to determine pregnancy status. Animals determined to be non-pregnant via 
both ultrasonography and the IDEXX Rapid Visual Pregnancy Test (n = 373 cows, n = 
453 heifers) were administered PGF2α (25mg as 2cc SynchSure i.m.; Boehringer 
Ingelheim Animal Health; Duluth, GA) and a heat detection patch was applied to the 
sacral region between the hip bone and tail head of each animal (Estrotect, Western Point, 
Inc., Apple Valley, MN). Corpora lutea (CL) number and largest follicle diameter (LF) 
were recorded on a subset of non-pregnant animals (n= 229) from each herd and 
treatment at the time of pregnancy diagnosis. Animals were artificially inseminated by 
fixed time AI 52-56 h (n = 390 heifers), 60-66 h (n = 352 cows) later, or were 
inseminated following detection in standing estrus (n = 84).  All animals remained 
separated from clean-up bulls for a minimum of 10-15 days.  
Transrectal Ultrasonography 
All animals were ultrasounded transrectally by a skilled technician with an Ibex 
EVO ultrasound and linear probe on d 28 following their first insemination. Presence or 
absence of a fetus was used for pregnancy diagnosis. Additionally, a subset (n= 229) of 
the animals determined to be not pregnant were evaluated for CL number and largest 
follicle diameter. Cows and heifers were again ultrasounded transrectally to determine 
pregnancy status and occurrence of embryonic loss a final time between 31 and 80 d 
following their second AI. 
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Blood Sampling and pregnancy test 
On d 28 after the first artificial insemination, blood samples were collected from 
either the jugular or tail vein into 10-mL EDTA Vacutainer tubes (Becton, Dickinson and 
Company, Franklin Lakes, NJ). An aliquot of the sample was immediately used for PAG 
analysis. The remaining sample from each animal was centrifuged at 3,000 x g for 30 min 
at 4˚C to harvest plasma. Plasma samples were then stored at -20˚C until further PAG 
analysis via the IDEXX Bovine Pregnancy Test Kit was performed. 
Whole blood collected on d 28 following the initial AI was utilized immediately 
for the IDEXX Rapid Visual Pregnancy test. Positive and negative controls, and whole 
blood samples were pipetted into coated plates, and plates were washed and treated with 
reagents according to the manufacturer’s instructions. Upon completion of the test 
procedure, plates were evaluated and each sample was given a numerical score based on 
color intensity, as described by Northrop et al. (2019). The scoring system included a 
yes/no assignment and numerical value from 0-3 based on color in comparison to the 
controls.  Plasma samples stored at -20˚C were thawed for analysis using the IDEXX 
Bovine Pregnancy Test. Controls and samples were pipetted into the provided plates and 
were handled according to the manufacturer’s instructions. The results from the Bovine 
Pregnancy Test were analyzed on a Molecular Devices SpectraMax 190 microtiter plate 
reader (San Jose, California). 
Statistical Analysis 
All statistical analyses were completed using commercially available statistical 
software (SAS 9.4, SAS Institute, Cary, NC, USA). The GLIMMIX procedure was used 
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to evaluate the effect of treatment on AI 1 pregnancy rate, AI 2 pregnancy rate, overall 
pregnancy, estrus expression before AI 2, and embryonic loss. Age, treatment x age, and 
year were included in the model. The effect of estrus before AI 1 on estrus before AI 2, as 
well as AI 2 estrus on AI 2 pregnancy was also analyzed using the GLIMMIX procedure, 
with estrus, age, estrus x age, and year included in the model. Interactions with 
significance of P > 0.20 were removed from the analysis in a stepwise manner to yield 
the final reduced model. Herd was utilized as a random variable in all GLIMMIX 
analyses. Evaluation of treatment on the presence of categories of follicle sizes (≤ 8 mm, 
≤10 mm, ≤12 mm, ≤ 14 mm) were analyzed with the GLIMMIX procedure, including 
age, treatment x age in the model. The MIXED procedure was used to evaluate the effect 
of treatment on number of CLs, and average size of the dominant follicle on d 28, 
including age, and treatment x age in the model. Statistical significance was considered at 
P ≤ 0.05 and a tendency at 0.05 < P < 0.10 for all analyses. To compare agreement of the 
IDEXX Bovine Serum Test, IDEXX Rapid Visual Pregnancy test and ultrasonography in 
detecting pregnancy on d 28, the FREQ procedure was utilized, and Cohen’s Kappa 
statistics was calculated in SAS. The Kappa scoring scale is as follows: Very good= 
0.80–1.00, Good = 0.60–0.80, Moderate = 0.40–0.60, Fair = 0.20–0.40.  
RESULTS 
Pregnancy Success 
There was no effect of treatment on AI 1 pregnancy (CIDR; 45.30 ± 1.8%, no 
CIDR; 47.48 ± 1.8%), AI 2 pregnancy (CIDR; 28.54 ± 5.2%, no CIDR; 29.56 ± 4.9%), or 
overall pregnancy rate (CIDR; 58.7 ±7.3%, no CIDR; 58.6 ± 7.4%) which includes both 
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AI (P > 0.55). Pregnancy rates by treatment are depicted in Figure 2.1. There was no 
effect of treatment or age (P > 0.12) on AI 2 pregnancy rate. Although, there was an 
effect of treatment x age on AI 2 pregnancy rate (P = 0.007; Figure 2.2). Heifers that 
received a CIDR had greater AI 2 pregnancy than heifers that did not receive a CIDR 
(CIDR; 34.9 ± 5.8%, no CIDR; 24.8 ± 4.9%, P = 0.04). Further, heifers given a CIDR 
tended to have increased AI 2 pregnancy rates compared to cows given a CIDR (Heifers; 
34.9 ± 5.8%, Cows; 22.9 ± 6.0%, P = 0.06), while cows in the no CIDR group tended to 
have greater pregnancy rates than heifers in the no CIDR group (Heifers; 24.7 ± 4.9%, 
Cows; 34.8 ± 6.4, P = 0.07). Year significantly affected AI 2 pregnancy rate (P = 0.04), 
with greater pregnancy rates in year 1 compared to year 2 (36.25 ± 6.3% vs. 22.7 ± 
4.9%). Estrus expression significantly affected pregnancy rate to AI 2 (P < 0.0001; 
Figure 2.3). Greater AI 2 pregnancy rate was observed in animals that showed estrus 
prior to AI 2 (41.0 ± 5.9%) compared to animals that failed to show estrus at this time 
(19.4 ± 3.9%).  
Estrus Expression 
Estrus expression prior to AI 1 had no impact on estrus expression to AI 2 (P = 
0.79), and there was no effect of the interaction between estrus expression at AI 1 with AI 
2 estrus expression on pregnancy to AI 2 (P = 0.48). Estrus expression at AI 1 had no 
effect on pregnancy rate to AI 2 (P = 0.92). Treatment influenced estrus expression to AI 
2 (P < 0.0001; Figure 2.4). Animals treated with a CIDR had an estrus expression rate of 
56.1 ± 5.5% compared to 36.4 ± 5.2% expression in the no CIDR group. There was no 
effect of age, or treatment x age on AI 2 estrus expression. Although, estrus expression to 
AI 2 did differ by year (Year 1; 55.6 ± 5.6% Year 2; 36.8 ± 5.4%; P < 0.0001). There was 
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an effect of treatment x age x estrus expression at AI 2 on pregnancy rate to the second 
AI (P = 0.04; Figure 2.5). Heifers that did not exhibit estrus tended to have increased AI 
2 pregnancy rates when a CIDR was administered (CIDR; 28.2 ± 6.8%, no CIDR; 17.9 ± 
4.8%; P = 0.15). When cows and heifers failed to express estrus and were given a CIDR, 
heifers had greater AI 2 pregnancy rates than cows (Heifers; 28.2 ± 6.9, Cows; 9.3 ± 
4.2%, P = 0.015). Cows that failed to exhibit estrus prior to AI 2 had greater AI 2 
pregnancy rates when a CIDR was not administered (CIDR; 9.3 ± 4.2%, no CIDR; 27.7 ± 
6.8%; P = 0.02).  
Embryonic Loss 
Treatment had no influence on the percentage of animals that lost a pregnancy 
from AI 1 to the final pregnancy diagnosis (CIDR; 6.35 ± 1.1%, no CIDR; 5.44 ± 0.97%, 
P = 0.62). There was also no effect of age, treatment x age, or year on the percentage of 
embryonic loss (P > 0.44). 
CL Number and Follicle Diameter  
Treatment did not change the number of CLs present on d 28 (CIDR; 1.07 ± 0.06, 
no CIDR; 1.18 ± 0.06; P = 0.18). However, estrus expression at AI 1 did effect CL 
number (P = 0.03). Animals exhibiting estrus had an increased number of CLs compared 
to animals that failed to express estrus (1.22 ± 0.06 vs. 1.03 ± 0.06). There was also an 
effect of treatment x estrus expression at AI 1 on CL number (P = 0.04, Figure 2.6). 
Animals in the CIDR treatment group and which expressed estrus had the greatest CL 
number, while animals that did not express estrus in the CIDR group had the fewest 
number of CLs (1.25 ± 0.09 vs. 0.88 ± 0.09; P = 0.003).  
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There was no difference in the prevalence of small (≥ 8 mm), medium (≥ 10 mm), 
or large (≥ 12 mm) dominant follicles on d 28 between treatment groups (P > 0.23). 
Although, there was a tendency for age to influence the presence of ≥ 12 mm size 
dominant follicles (P = 0.08). A greater percentage of cows had 12 mm or larger 
dominant follicles compared to heifers (63.1 ± 6.9% vs. 48.2 ± 10.6%). There was no 
effect of treatment on the average size of the dominant follicle (P = 0.93). Dominant 
follicle size in the CIDR and no CIDR groups were 11.64 ± 0.32 mm and 11.69 ± 0.32 
mm, respectively. There was a tendency for the interaction of treatment x age to effect 
average size of the dominant follicle (P = 0.07, Figure 2.7). In the CIDR treatment group, 
there was no difference in dominant follicle size between heifers and cows (Heifers; 
11.75 ± 0.5 mm, Cows; 11.54 ± 0.4 mm; P = 0.73), but in the no CIDR group cows had 
larger dominant follicle size (Heifers; 10.97 ± 0.53 mm, Cows; 12.41 ± 0.36 mm).  
Agreement of Pregnancy Detection Methods 
Very good agreement was found based on Kappa scores for comparison of the 
IDEXX Rapid Visual Test (RPVT), IDEXX Bovine Pregnancy Test (BPT), and 
ultrasonography (Ults) with the resynchronization pregnancy check (Resynch PC) 
performed 28 to 80 d after the initial ultrasonography diagnosis on d 28. Specifically, 
Kappa scores for the RPVT, BPT, and ultrasonography with the resynchronization 
diagnosis were 0.90, 0.90, and 0.82, respectively. Further, the pregnancy detection 
methods were in very good agreement with each other and are illustrated in Table 2.2.  
 
 
 
53 
 
Effect of treatment on AI 1, AI 2, and overall pregnancy rate 
 
Figure 2.1. Effect of CIDR or no CIDR treatment on pregnancy rate after AI 1, AI 
2, and overall (AI 1 and 2), (P > 0.55). 
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Figure 2.2. Effect of treatment x age on AI 2 pregnancy rate (P = 0.007). 
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Superscripts which differ indicate a difference (P < 0.05), while bars having different 
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¶
superscripts indicate a tendency for difference (P = 0.06). 
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Figure 2.3. Influence of estrus expression prior to AI on AI 2 pregnancy rate (P < 
0.0001). 
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Figure 2.4. Effect of treatment on estrus expression before AI 2 (P < 0.0001). 
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Figure 2.5. Effect of treatment x age x estrus expression at AI 2 on pregnancy 
success to AI 2 (P = 0.04). Bars with differing superscripts are different P < 0.05.  
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Figure 2.6. Treatment x estrus expression on CL number (P = 0.04). Bars with 
different 
ab
superscripts indicate differences (P < 0.05). 
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Figure 2.7. Treatment x age on average follicle dominant size (P = 0.07). Bars with 
differing 
ab
superscripts are different (P < 0.05). 
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Table 2.1. Pregnancy rate (%) after AI 1, AI 2 and overall AI between herds. 
    
AI 1 AI 2 
 
Herd Age Year Treatment n AI 1 rate n AI 2 rate 
Overall 
AI 
1 cows 1 CIDR 76 
59.60 
31 
57.38 76.16 
1     no CIDR 75 30 
2 cows 2 CIDR 68 
36.96 
43 
11.63 38.46 
2     no CIDR 70 43 
3 heifers 1 CIDR 35 
50.00 
20 
31.43 58.57 
3     no CIDR 35 15 
4 heifers 2 CIDR 33 
63.64 
14 
37.50 42.86 
4     no CIDR 33 10 
5 heifers 1 CIDR 77 
47.37 
42 
33.75 59.73 
5     no CIDR 75 38 
6 heifers 1 CIDR 68 
41.48 
40 
36.71 56.30 
6     no CIDR 67 39 
7 heifers 1 CIDR 45 
26.37 
33 
23.88 40.45 
7     no CIDR 46 34 
8 heifers 1 CIDR 74 
39.22 
43 
37.63 55.92 
8     no CIDR 79 50 
9 cows 1 CIDR 39 
22.78 
32 
34.43 46.84 
9     no CIDR 40 29 
10 cows 2 CIDR 59 
28.57 
39 
47.62 57.14 
10     no CIDR 60 45 
11 heifers 2 CIDR 20 
67.57 
9 
33.33 69.44 
11     no CIDR 17 3 
12 heifers 1 CIDR 41 
61.18 
15 
45.45 70.59 
12     no CIDR 44 18 
13 heifers 2 CIDR 42 
64.29 
14 
60.00 75.00 
13     no CIDR 42 16 
14 cows 1 CIDR 23 
77.78 
4 
50.00 77.78 
14     no CIDR 22 6 
15 cows 2 CIDR 18 
71.05 
5 
36.36 78.38 
15     no CIDR 20 6 
16 cows 1 CIDR 46 
38.14 
34 
33.33 54.74 
16     no CIDR 51 26 
   
Total 1540 
 
826 
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Table 2.2. Agreement between the Rapid Visual Pregnancy Test (RVPT), Bovine Serum 
Pregnancy Test (BPT), and ultrasonography (Ultrs) with the final resynchronization 
pregnancy diagnosis (Resynch PC) to determine pregnancy on d 28. Values depicted 
above the diagonal are the calculated Kappa scores, while values below the diagonal are 
the overall agreement of the tests based on the Kappa score. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Test RVPT Ultrs BPT Resynch PC 
RVPT 
 
0.86 0.95 0.90 
Ultrs very good 
 
0.86 0.82 
BPT very good very good 
 
0.90 
Resynch 
PC 
very good very good very good 
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DISCUSSION 
Pregnancy Success 
It is well established that animals which are detected in estrus at the time of FTAI 
typically have increased pregnancy success compared to non-estrus animals (Perry et al., 
2007; Whittier et al., 2013; Richardson et al., 2016). In heifers exhibiting estrus prior to 
FTAI, it was found that these animals had larger dominant follicles, increased 
concentrations of estradiol, as well as increased pregnancy success compared to heifers 
induced to ovulate at FTAI (Perry et al., 2007). Likewise, studies have illustrated reduced 
conception rates in groups of non-estrus animals compared to estrus exhibiting animals 
(Bridges et al., 2012; Whittier et al., 2013). Females that fail to show estrus prior to AI 
have also been shown to have compromised estradiol concentrations, which may impair 
sperm transport and embryo survival (Perry and Perry, 2008b, a; Atkins et al., 2013). The 
results from the current study display a similar pattern with animals that exhibited estrus 
prior to AI 2 having approximately 20% greater conception rates compared to animals 
that did not exhibit estrus. Although they were not measured, it is likely the animals 
which exhibited estrus in the current study had improved steroid hormone concentrations 
which allowed for a more optimal maternal environment for pregnancy.  
Pregnancy success to the first AI was not affected by the inclusion of a CIDR or 
no CIDR on d 21. These findings coincide with what was expected due to the 
understanding that neither administration of progestins or GnRH is detrimental to 
existing pregnancies (Chenault et al., 2003; Stevenson et al., 2003b; Colazo and 
Ambrose, 2015). Additionally, our results indicate that pregnancy rate after AI 2 was also 
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not affected by treatment. Lamb et al. (2000) reported that progestin supplementation 
during the 7-day CO-Synch protocol does not improve pregnancy success for cycling 
cows. Instead, improvements for AI pregnancy success were only reported when cows 
were anestrus at the beginning of the protocol (Lamb et al., 2010). Females in the current 
study were initially synchronized and AIed prior to start of resynchronization, and 
therefore should have been cycling at the time of treatment application. With these 
considerations, the observed no difference in AI 2 pregnancy between treatment groups 
indicate that CIDR inclusion during the resynchronization protocol was not necessary in 
order to achieve the same pregnancy rate with the CO-Synch protocol. Despite our results 
indicating that CIDR inclusion was not required for adequate pregnancy rates, there was 
an interaction of treatment and age on pregnancy success to AI 2. Heifers that received a 
CIDR benefitted with increased pregnancy success versus heifers that did not receive a 
CIDR during the resynchronization period. Progestin supplementation has been reported 
to induce cyclicity in prepubertal heifers (Gonzalez-Padilla et al., 1975). Although 
cyclicity at the start of the experiment was not evaluated in the current study, it is 
possible a proportion of the heifers utilized were prepubertal, and, therefore, would have 
benefitted from CIDR administration. Furthermore, there was a tendency for cows to 
have improved AI 2 pregnancy rates when a CIDR was not included in the 
resynchronization protocol. After selection of the dominant follicle, its continued growth 
can be regulated by LH pulse frequency (Kinder et al., 1996), and LH release can be 
altered by exogenous and endogenous progesterone concentrations (Roberson et al., 
1989b; Kojima et al., 1992). Additionally, estradiol is understood to be primarily 
responsible for preparation of the pituitary for the preovulatory release of LH, and the 
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decrease in progesterone during the periovulatory period has been shown to be 
permissive for pituitary release of LH (Nett et al., 2002). In the current study, exogenous 
progesterone via the CIDR was administered on d 21 after AI 1, preventing the typical 
magnitude of progesterone decrease following luteolysis that contributes to a rise in 
preovulatory estradiol.  Furthermore, in cows administered the CIDR and which had not 
undergone luteolysis prior to the first GnRH of the resynchronization protocol, they could 
likely have experienced poor follicular turnover as well as reduced LH pulse frequency to 
contribute to poor follicular growth of the dominant follicle. Similar findings were 
reported by Grant et al. (2011) in a study evaluating the effect of presynchronization with 
PGF to induce luteolysis prior to administration of GnRH and a CIDR. Heifers that had 
completed luteolysis and subsequently had decreased concentrations of progesterone by 
the time of GnRH and CIDR insertion had increased ovulatory response and a reduction 
in the variation of dominant follicle size (Grant et al., 2011a). Our study also 
demonstrated an effect of the interaction between treatment, age and estrus expression 
before AI 2 on the pregnancy rate following the second AI. Cows that did not exhibit 
estrus before AI 2 had reduced pregnancy success when a CIDR was included during 
resynchronization. The lack of estrus expression may indicate there were inadequate 
levels of estradiol, and with the addition of exogenous progesterone the combination of 
the two could have poorly mediated LH release. But, pregnancy success was similar 
between treatments for heifers that did and did not show estrus, as well as among cows 
that showed estrus.  
Estrus Expression 
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Ovulatory response to the initial GnRH injection in CO-Synch programs are 
reported to be variable depending on the age of the animal and day of the estrous cycle it 
is administered (Martinez et al., 2002; Dias et al., 2010). Furthermore, in suckled beef 
cows it is reported that 10-20% will exhibit estrus prior to and immediately following 
PGF2α administration (Lamb et al., 2001). Although these remain as obstacles for 
utilization of CO-Synch protocols, they have been reported to be successfully mitigated 
by inclusion of a progestin. Follicular turnover and estrus expression varies based on the 
day of the estrous cycle that the protocol is initiated (Geary et al., 2000). Progestin 
administration during the time following initial GnRH administration until PGF2α 
prevents premature estrus expression in females that have failed to respond to GnRH and 
turn over a new follicular wave at the start of the protocol. Further, the ability of 
progestins to suppress estrus and ovulation during their administration period has been 
demonstrated to increase the percentage of females that display estrus after progestin 
removal (Stevenson et al., 2000; Chenault et al., 2003). Findings from our study closely 
agree with the results previously reported. Estrus expression prior to the second AI 
increased by approximately 20% in the CIDR group compared to the no CIDR group, 
validating the ability of the CIDR to prevent early estrus expression prior to CIDR 
removal and PGF2α administration. 
Ovarian Dynamics 
There was no difference in the number of CLs present on d 28 after AI 1 between 
treatment groups, nor was there an effect of treatment on size of the dominant follicle. 
These findings indicate that ovulation rate to the GnRH was similar regardless of 
treatment. Unsurprisingly, our results did indicate that animals who displayed estrus had 
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an increased number of CLs. Additionally, there was an effect of the interaction between 
treatment and estrus expression in changing CL number.  Because progestin 
administration is known to prevent ovulation, it is not surprising that for animals that did 
not exhibit estrus and which received a CIDR had the lowest number of CLs on d 28. 
Further, there was no difference in CL number between treatments when estrus 
expression occurred, demonstrating that following appropriate ovulatory response to the 
second GnRH of the initial synchronization, CIDR treatment does not influence CL 
formation. Our study demonstrated an increased percentage of cows having dominant 
follicles > 12 mm in comparison to heifers, which is not surprising as other groups have 
illustrated cows usually have larger follicle sizes than heifers (Sartori et al., 2004; de 
Tarso et al., 2016). Our results show that there was a tendency for the interaction of 
treatment and age to influence average size of the dominant follicle. Heifers treated with 
a CIDR tended to have increased follicle sizes than when a CIDR was omitted from the 
resynchronization protocol. On the contrary, cows tended to have increased follicle size 
when a CIDR was not included. These results mirror the observed response in pregnancy 
success after AI 2 in heifers administered a CIDR and cows not administered a CIDR, 
and can be explained by the establishment that increased preovulatory follicle size allows 
for increased pregnancy success (Perry et al., 2005; Perry et al., 2007).  
Pregnancy Detection Methods 
As the popularity of chemical blood pregnancy tests rise, interest in evaluating 
their accuracy and comparison with ultrasonography also continues to rise. Other 
research has been completed to compare the accuracy of blood pregnancy tests with 
ultrasonography in early pregnancy detection. Research evaluating the ability of both 
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pregnancy specific protein-B (PSPB) and pregnancy associated glycoprotein blood tests 
has previously reported very good agreement of these tests with transrectal 
ultrasonography (Romano and Larson, 2010; Silva et al., 2007). When assessing our 
results from comparing three different pregnancy detection methods against the overall 
pregnancy outcome results, very good agreement was determined between all tests 
(kappa statistics). The ability of a chemical blood pregnancy test to accurately identify 
pregnancy on d 28 of gestation allows for early pregnancy diagnosis and subsequent 
resynchronization. Results from this study contribute to previous findings that a blood 
pregnancy test can be used in place of ultrasonography with confidence in its ability to 
diagnose pregnancy on d 28 of gestation. 
In conclusion, the incorporation of a CIDR in a resynchronization protocol was 
not a necessary component to achieve adequate pregnancy rates, but its inclusion may be 
beneficial for heifers. Overall execution of a resynchronization program and additional 
AI allowed for a greater percentage of females to become pregnant by the chosen sires. 
The partnership of early pregnancy detection on d 28 using a chute-side blood pregnancy 
test was found to be as reliable as ultrasonography and can be considered as a method for 
identifying open females for subsequent resynchronization.  
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CHAPTER 3 
INFLUENCE OF BVDV INFECTION ON AI CONCEPTION AND BREEDING 
SEASON PREGNANCY SUCCESS IN VACCINATED BEEF HERDS 
ABSTRACT 
Bovine Viral Diarrhea Virus (BVDV) causes reproductive economic losses in 
cattle. The objective of this study was to evaluate the influence of BVDV infection on 
reproductive success. Vaccinated cows (n=370) and heifers (n=528) from nine different 
herds were synchronized using the 7-day CO-Synch + CIDR protocol and were fixed-
time AI (FTAI).  On d 28 following insemination, blood samples were collected and 
pregnancy status was determined. Non-pregnant animals were resynchronized and FTAI 
occurred a second time. In six herds bulls were comingled with females beginning 10-15 
d after the second AI. Final pregnancy status was determined 33-80 d following the first 
pregnancy diagnosis. Blood samples were tested for the presence of BVDV antigen using 
the IDEXX BVDV PI X2 Kit. Animals that tested positive were considered infected with 
BVDV at the time of blood collection. Herds were determined to be BVDV infected by 
the presence of at least one animal having a positive test for antigen (n = 4 infected herds, 
n = 5 non-infected herds). Statistical analyses were performed using the GLIMMIX 
procedure of SAS with herd as a random variable. Herds that had evidence of BVDV 
infection at d 28 following insemination had significantly decreased (P<0.01) first service 
AI conception rates compared to herds that had no evidence of infection (34 ± 2.3% vs. 
54 ± 2.3%). Additionally, breeding season pregnancy rates were decreased (P<0.01) in 
BVDV infected herds compared to non-infected herds (69 ± 3.4% vs. 80 ± 3.6%). There 
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was no significant effect of BVDV infection status on embryonic loss (P=0.42) or 
percentage of animals which lost a pregnancy but were pregnant by the end of the 
breeding season (P=0.63). In conclusion, BVDV infection in well-vaccinated herds had a 
significant negative impact on both first service AI conception rate and overall breeding 
season pregnancy success.  
INTRODUCTION 
Bovine Viral Diarrhea Virus (BVDV) is a major reproductive pathogen in cattle 
and is responsible for costly reproductive and other economic losses in the beef industry. 
Evidence of exposure to BVDV is widespread throughout cattle herds in the United 
States and the world. It is reported that calves born persistently infected (PI) with BVDV 
represent as much as 1-2% of the cattle population and serve as sources of viral shedding 
through the duration of their lives (Houe, 1999). When considering the rise of BVDV-
related reproductive loss in cattle (Evermann and Ridpath, 2002), this area of BVDV-
mediated loss may pose the greatest economic concern compared to losses incurred 
through respiratory, immune, and neurological dysfunction caused by BVDV (Grooms, 
2004). Infection of females in the breeding herd can result in a variety of consequences 
depending on which stage of gestation infection occurs. The most commonly observed 
effects are poor conception rates, abortion, congenital defects, or birth of PI calves. 
Infection with BVDV in seronegative cows during the breeding season resulted in a 
56.4% reduction in conception rates compared to cows that seroconverted prior to the 
breeding season (Virakul et al., 1988).  In addition, viremia in previously non-vaccinated 
animals at time of artificial insemination (AI) significantly reduced first service 
conception rates (Yavru et al., 2013).  These studies report the impact of BVDV on 
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reproductive performance in naïve animals.  Little is known, however, about the 
reproductive consequences of BVDV infection in well-vaccinated animals. Therefore, the 
objective of this study was to evaluate the influence of BVDV infection on reproductive 
success after AI, and at the end of the breeding season in previously vaccinated animals. 
It was hypothesized that vaccinated herds infected with BVDV would have impaired 
reproductive success after AI and at the end of the breeding season compared to non-
infected herds. 
MATERIALS AND METHODS 
Experimental Design 
All procedures were approved by the South Dakota State University Institutional 
Animal Care and Use Committee. This study utilized previously vaccinated beef cows 
and heifers from nine different herds in South Dakota (n = 370 cows, n = 528 heifers). 
All animals utilized had received vaccinations for BVDV (Table 3.1) as heifers, and as 
cows were given yearly boosters. The most recent vaccination was administered a 
minimum of 30 d prior to the first artificial insemination. Four of these herds (three 
groups of heifers and one group of cows) were housed at a common commercial facility 
for the entire breeding season. Animals at this facility were exposed to BVDV by 
purchased animals that were brought to the facility and then either allowed to comingle or 
have fence line contact with other animals without having been tested and/or quarantined.   
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Table 3.1. Records of herd size, age, most recent vaccination, and number of days the 
most recent vaccination was administered before AI 
Herd Herd size Age Most recent vaccination 
Vaccination 
days pre-
breeding 
1 135 heifers Vista 5 VL5 30+ d prior 
2 91 heifers Bovishield Gold FP5 VL5 30+ d prior 
3 151 heifers Vista 5 VL5 30+ d prior 
4 79 cows CattleMaster Gold FP5 L5 30+ d prior 
5 83 heifers Bovishield Gold FP5 VL5 45 d prior 
6 43 cows Bovishield Gold FP5 VL5 45 d prior 
7 97 cows PregGuard-9 30+ d prior 
8 151 cows Bovishield Gold FP5 VL5 30+ d prior 
9 68 heifers Bovishield Gold FP5 VL5 30+ d prior 
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Animals were synchronized using the 7-day CO-Synch + CIDR protocol and AI 
as part of ongoing reproductive research efforts. In brief, animals were administered 
GnRH (100 µg as 2mL of Factrel i.m.; Zoetis, Inc., Kalamazoo, MI) on d -10, and a 
CIDR (Zoetis, Inc., Kalamazoo, MI) was inserted intravaginally. On d -3 CIDRs were 
removed and PGF2α was administered (PGF2α; 25 mg as 2 mL Lutalyse HighCon i.m.; 
Zoetis, Inc., Kalamazoo, MI). On d 0, heifers were bred 52-56 h and cows 60-66 h after 
PGF2α, and GnRH (100 µg as 2 mL of Factrel i.m.; Zoetis, Inc., Kalamazoo, MI) was 
administered at time of AI (AI 1). On d 21 following the first insemination, the animals 
were resynchronized using the 7-day CO-Synch protocol with or without a CIDR. At this 
time all animals received an injection of GnRH (100 µg as 2 mL of Cystorelin i.m.; 
Boehringer Ingelheim; Ridgefield, CT), and half of the animals received a CIDR while 
the other half did not as part of the aforementioned reproductive research efforts. On d 
28, CIDRs were removed, blood samples were collected and all animals were examined 
by transrectal ultrasonography for pregnancy. Those determined not pregnant via 
ultrasound and the IDEXX Rapid Visual Pregnancy Test were administered PGF2α (25 
mg as 2 mL SynchSure i.m.; Boehringer Ingelheim; Ridgefield, CT) and animals were 
artificially inseminated 52-56 h and 60-66 h later (heifers and cows, respectively) and 
GnRH (100 µg as 2 mL of Cystorelin i.m.; Boehringer Ingelheim; Ridgefield, CT) was 
administered at time of AI (AI 2). Estrus activity was evaluated at the time of AI 1 and 2 
by visualizing an Estrotect patch (Estrotect, Western Point, Inc., Apple Valley, MN) that 
had been applied to females at the time of PGF2α of each protocol and assigning a value 
according to the degree surface ink had been removed. A 1 to 4 value scoring system was 
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used, with patches that were 0-25%, 25-50%, 50-75%, and 75-100% rubbed off having a 
score of 1, 2, 3, and 4, respectively. Animals with a patch score of 1-2 were considered 
not in estrus, while animals with patch scores 3-4 were considered in estrus. Bulls 
remained separated from heifers and cows for a minimum of 10 d after AI 2. 
Animals and vaccinations 
Blood Sampling and Pregnancy Detection 
On d 28 after AI 1, all animals were examined by transrectal ultrasonography by a 
skilled technician with an Ibex EVO ultrasound and 7.5 MHz linear probe. Presence or 
absence of a fetus was used for pregnancy diagnosis. Additionally, blood was collected 
from the jugular or tail vein into 10-mL EDTA Vacutainer tubes (Becton, Dickinson and 
Company, Franklin Lakes, NJ) for immediate whole blood analysis via the IDEXX Rapid 
Visual Pregnancy Test (IDEXX, Westbrook, ME). Samples and controls were pipetted 
into the provided plates and the test was carried out according to the manufacturer’s 
instructions. Plates were evaluated and scored according to color using the method 
described by Northrop and co-workers (Northrop et al., 2019). Remaining whole blood 
samples were centrifuged at 3,000 x g for 30 min at 4˚C for immediate plasma collection. 
Harvested plasma samples were then stored at -20˚C until further analysis using the 
IDEXX BVDV PI X2 Kit (IDEXX, Westbrook, ME). A final pregnancy diagnosis was 
conducted solely with transrectal ultrasonography between 33 to 80 days following the 
first pregnancy diagnosis.  
BVDV Antigen Testing 
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Plasma samples were analyzed using the BVDV PI X2 Kit (IDEXX, Westbrook, 
ME). Controls and samples were pipetted into the provided plates and plates were 
handled according to the manufacturer’s instructions. The results from the BVDV PI X2 
test were analyzed on a microtiter plate reader. Optical density values obtained from 
samples and controls were used to calculate the BVDV ratio according to the 
manufacturer’s instructions. Positive samples were indicative of BVDV infection. 
Furthermore, herds were classified as infected based on the presence of at least one 
positive animal for BVDV antigen.   
Statistical Analysis 
All statistical analyses were completed using commercially available statistical 
software (SAS 9.4, SAS Institute, Cary, NC, USA). The effect of herd BVDV infection 
status on AI 1, AI 2, AI 1 and 2, and breeding season pregnancy rates, as well as estrus 
expression at each AI, were evaluated using the GLIMMIX procedure of SAS. 
Additionally, the effect of herd BVDV infection on embryonic loss, and percentages of 
cows that lost an embryo and became pregnant later in the breeding season were analyzed 
using the GLIMMIX procedure of SAS. In all analyses herd was utilized as a random 
variable. Differences were considered to be significant when P ≤ 0.05 and a tendency 
when 0.05 < P ≤ 0.10. All data are reported as LSmeans ± SE of the mean. 
RESULTS 
Detection of BVDV from blood samples 
 In using the d 28 blood samples with the BVDV PI X2 test, four herds were 
identified as having been exposed to BVDV. An active infection of BVDV was identified 
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in 18 animals, thus subjecting the entire commercial facility to BVDV infection during 
the breeding season due to exposure through shared facilities and fence line contact. 
Additionally, these four herds were the only herds in the study which added and 
comingled recently purchased animals around the start of the breeding season. 
Estrus Expression 
Herd estrus expression prior to AI 1 was significantly decreased by BVDV 
infection status (P = 0.04). Bovine Viral Diarrhea Virus infected herds had an estrus 
expression rate of 54 ± 2.3%, while the non-infected herds had a rate of 62 ± 2.9%. Herd 
BVDV infection status, however, did not significantly influence estrus expression prior to 
AI 2 (P = 0.30) on day 30 or 31. At this time, infected herds had an estrus expression rate 
of 56 ± 2.9% compared to 61 ± 3.9% non-infected herds (Table 3.2). 
Pregnancy success 
 First service AI conception rate was influenced by BVDV infection (P < 0.01). 
Herds that were infected with BVDV had a significantly decreased AI 1 conception rate 
compared to herds with no BVDV infection (34 ± 2.3% vs. 56 ± 2.3%, respectively). 
Additionally, there was a tendency (P = 0.06) for pregnancy success to be reduced in 
BVDV infected herds after AI 2 compared to non-infected herds (37 ± 4.4% vs. 51 ± 
9.5%, respectively). When conception rates for AI 1 and 2 were analyzed collectively, a 
similar response was observed. Infected herds had significantly decreased conception 
rates after two rounds of AI compared to non-infected herds (51 ± 2.3% infected vs. 68 ± 
2.3% non-infected, P < 0.01). Overall breeding season pregnancy success was influenced 
by herd BVDV infection status (P < 0.01). Herds with evidence of BVDV infection had 
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decreased breeding season pregnancy rate compared to non-infected herds (68 ± 3.1% vs. 
88 ± 6.9%, respectively). These results are summarized in Table 3.2. 
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Embryonic Loss 
Following AI 1, a total of 25/158 and 29/245 females lost their pregnancy in 
BVDV infected and non-infected herds, respectively. There was no significant difference 
in the percentage of animals which experienced embryonic loss after the first 
insemination between BVDV infected and non-infected herds (16 ± 2.7% infected vs. 12 
± 2.2% non-infected, P = 0.23). Furthermore, there were no differences in the percentage 
of animals which lost a pregnancy from AI 1 and were able to be subsequently rebred by 
bulls by the end of the breeding season (28 ± 9.6% infected vs. 43 ± 10.5% non-infected, 
P = 0.30). 
DISCUSSION 
Infertility, or the failure of females to become pregnant in a defined breeding 
period, stands as the most costly reproductive condition for beef cattle (Bellows et al., 
2002). Reproductive conditions and diseases cost 3.6% of the value of beef production, 
resulting in expenditures of $441 to $502 million annually (Bellows et al., 2002). It is 
well-established that BVDV is an infectious disease of both economic and physiologic 
importance for the beef industry. In particular, its ability to cause decreased conception 
rates, greater incidence of abortion and development of PI calves due to exposure in 
naïve or non-vaccinated animals remains an area of concern for the cow-calf producer 
(Virakul et al., 1988; McGowan et al., 1993; Yavru et al., 2013).  
Despite the research reports available that evaluate the negative effects of BVDV 
on reproductive performance in naïve animals, little research has examined the effects of 
BVDV exposure on reproductive success in previously vaccinated animals. In the present 
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study, evidence of BVDV infection was associated with significantly decreased first, 
second, and overall breeding season pregnancy rates in previously vaccinated heifers and 
cows. These results are contrary to the current dogma on well vaccinated animals. These 
results are supported by recent research that has investigated the efficacy of vaccines to 
prevent PI calves. A recent study completed by Walz and co-authors compared 
reproductive protection between heifers vaccinated with two different vaccination 
programs (both a modified live and a combination vaccine program), and all animals 
were administered boosters prior to BVDV exposure. A challenge with BVDV (via PI 
animals) during d 95 to 111 of gestation resulted in an abortion rate of 13% in the 
modified live treatment group and 5% in the combination vaccination group (25% of the 
aborted fetuses tested positive for BVDV). Additionally, one live calf born in the 
modified live group tested positive for BVDV, and was later determined to be PI (Walz et 
al., 2017).  Another study compared the level of protection provided by three different 
multivalent vaccines with inactivated BVDV components. Although animals were 
vaccinated with their respectively assigned treatment twice prior to exposure to PI 
animals (d 33 to 91 of gestation), between 48% and greater than 90% of animals in any 
treatment group were positive for virus isolation from white blood cells between d 6 and 
10 of exposure. Abortion rates ranged from 9.7% to 22.7% and between 43% and 93% of 
fetuses were infected with BVDV (Walz et al., 2018).  A recent meta-analysis 
investigated the efficacy of BVDV vaccination to prevent reproductive disease 
(Newcomer et al., 2015).  This meta-analysis indicated that the risk of fetal infection in 
vaccinated animals was one-seventh the risk of unvaccinated animals, and that 
vaccination reduced abortion risk by approximately 40% compared to unvaccinated 
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animals (Newcomer et al., 2015).  These results further indicate the ability of BVDV to 
surpass the immune system and interfere with pregnancy, despite animals having been 
administered multiple vaccinations prior to exposure. 
In a production situation, animals can be exposed to BVDV through contact with 
an infected animal (transient infection or PI). In the current study, animals were most 
likely exposed to BVDV by animals being purchased and then either allowed to co-
mingle or have fence line contact with other animals without being tested and/or 
quarantined.  This type of exposure can result in a transient infection in animals exposed. 
It has been suggested that the most influential manifestations of BVDV are through acute 
transient, postnatal infections (Brodersen, 2014). Several reports verify the consequences 
of acute transient infection of BVDV in causing fever, diarrhea, oral ulcerations, 
abortions, and mortality (Olafson et al., 1946; Carman et al., 1998; Liebler-Tenorio et al., 
2004; Friedgut et al., 2011). Acutely infected animals may display differing levels of 
severity in clinical signs, as well as differences in the duration of infection. However, 
regardless of the nature of BVDV infection, costly reproductive consequences can result 
for the breeding herd.  
The exact mechanism through which BVDV is capable of reducing conception 
rates has not yet been determined, but several reproductive consequences due to infection 
have been identified. Both cytopathic and noncytopathic strains of BVDV have been 
isolated from ovarian tissue for prolonged periods after infection (Ssentongo et al., 1980; 
Grooms et al., 1998b) as well as from follicular fluid (Bielanski et al., 1993). Not only 
have strains of BVDV been shown to cause ovarian inflammation (Ssentongo et al., 
1980; Grooms et al., 1998c) but infection during the preovulatory period can result in 
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hindered follicular growth (Grooms et al., 1998a), potentially due to altered estradiol 
secretion (Fray et al., 1999). In addition to the various changes in ovarian dynamics, 
disruptions to oviductal and uterine environments, oocytes and developing embryos 
remain as sources of reproductive dysfunction mediated by BVDV infection. Reduced 
survivability of oocytes exposed to the virus, either by direct cell damage or as a result of 
changes in uterine environment, has been reported (Grooms, 2004). The virus has also 
been located in oviductal cells and recognized as the cause of inflammation (Archbald et 
al., 1973; Booth et al., 1995). Infection with BVDV may also hinder fertilization (Grahn 
et al., 1985) and embryonic development which can result in embryos of reduced quality 
(Archbald et al., 1979). Although one specific mechanism has not been named as a sole 
cause for reduced conception following BVDV infection, the previously described 
consequences that may occur after infection offer many explanations for reduced 
conception rates induced by BVDV.  
It has been suggested that the current focus of vaccine research is centered on 
improving fetal protection by preventing birth of PI calves and abortions following 
BVDV infection (Newcomer et al., 2017) .  The adverse effects noted in the current 
study, however, illustrate the consequences of BVDV infection early in the breeding 
season. It also further supports the idea that vaccination, as the sole method of controlling 
BVDV has not resulted in the elimination or reduction of this disease in the U.S. cattle 
population (Fulton et al., 2009; USDA, 2010). Therefore, vaccination should be 
considered a tool along with biosecurity and testing to identify and eliminate infected 
cattle to decrease the adverse impacts of BVDV exposure to a breeding herd (Newcomer 
et al., 2017).  Although vaccination remains an important consideration, this method 
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alone is not capable of eliminating the risk of BVDV associated reproductive and 
economic loss. Because BVDV remains a contributor to infertility, the significance of its 
ability to remain a reproductive barrier for well vaccinated herds should be carefully 
considered. The demonstrated ability of BVDV to hinder reproductive function and 
subsequently decrease pregnancy success in the present study draws attention to the need 
for biosecurity measures and routine BVDV testing for PI animals to be included in herd 
management practices. Thus, recommendations for effective reproductive management of 
beef herds include regular vaccination for aid in control of detrimental infectious 
reproductive diseases and testing to decrease the possible exposure to infectious 
reproductive diseases. 
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CHAPTER 4 
EFFECT OF PRE AND POST AI NUTRITION ON ESTRUS EXPRESSION, 
UTERINE ENVIRONMENT, AND EMBRYO DEVELOPMENT 
ABSTRACT 
Nutrition plays a pivotal role in modulating reproductive events that have the 
ability to impact embryo quality, development and survival. Therefore, the objective of 
this study was to evaluate the influence of plane of nutrition before and after AI on estrus 
expression, steroid concentrations, and thus uterine environment and embryo 
development. Seventy-nine Angus cross beef heifers were randomly divided into one of 
two diet treatments (High or Low) a maximum of 45 days prior to AI (d 0 as AI). Diets 
were sampled before and after AI and evaluated for nutrient analysis. The Low diet 
provided 90 and 81% of maintenance, while the High diet provided 162 and 148% of 
maintenance before and after AI, respectively. Estrus synchronization (PG 6-d CIDR 
protocol) was initiated on d -12. Estrus expression was monitored and recorded, and 
heifers detected in estrus were inseminated 8 to 12 h later with semen from one of two 
sires. At time of AI, half of the heifers were randomly reassigned treatment to generate 
four final pre x post-AI treatments; High-High (HH, n = 20), High-Low (HL, n = 20), 
Low-High (LH, n = 19), and Low-Low (LL, n = 20). Heifers remained in their new diet 
treatment for 7 to 8 days following AI when embryo collection occurred. Blood samples 
were collected on d -3 to d 0, and d 1, 3, 5, 7 and 8 post-AI. Ultrasonography of dominant 
follicle diameter was evaluated on d -3 and d 0, while CL diameter was recorded at the 
time of uterine flush (d 7 or 8). Heifer body weight and plasma concentrations of non-
esterified free fatty acids (NEFA), glucose, protein, estradiol, and progesterone were 
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analyzed as repeated measures using the MIXED procedure of SAS. Estrus expression 
and embryo recovery were evaluated using the GLIMMIX procedure of SAS. The GLM 
procedure of SAS was used to analyze follicle size, growth of the dominant follicle, 
interval to estrus, interval to AI, CL size, embryo stage and embryo quality. There was a 
Pre-AI treatment by time interaction on heifer body weight (P < 0.0001).  Heifers on the 
low diet lost 8.22 kg but heifers on the high diets gained 9.34 kg.  There was also a post-
AI treatment by time interaction of body weight (P < 0.0001).  Heifers on the low diet 
lost 5.21 kg but heifers on the high diets gained 6.33 kg between AI and uterine flush.  
There was also a Pre-AI treatment and post-AI treatment influence on NEFA 
concentrations, with low treatment heifers having increased concentrations compared to 
the high treatment heifers (Pre-AI treatment Low; 0.60 ± 0.03 mEq/L, High; 0.43 ± 0.03 
mEq/L; P = 0.0003, and Post-AI treatment Low; 0.61 ± 0.03 mEq/L, High; 0.42 ± 0.03 
mEq/L; P < 0.0001). In both the Pre-AI and Post-AI treatment, there was a tendency for 
the High treatment to have greater glucose concentrations than the Low treatment (P ≤ 
0.09).  There was also a Pre-AI x Post-AI treatment interaction on glucose concentrations 
(P = 0.04).  Heifers in the HH treatment had elevated (P < 0.01) concentrations (102.75 ± 
3.13 mg/dL) of glucose compared to heifers in the HL, LH, and LL treatments which did 
not differ. There was an effect of time on estradiol concentrations (P < 0.0001), with 
concentrations increasing from d -3 (2.18 ± 0.15 pg/mL) to d 0 (6.05 ± 0.04 pg/mL). Pre-
AI treatment also impacted post AI concentrations of progesterone (P = 0.015), with high 
heifers having greater concentrations of progesterone compared to the low heifers (High; 
4.85 ± 0.37 ng/ mL, 3.53 ± 0.38 ng/mL); however, Post-AI treatment did not influence 
post AI concentrations of progesterone (P = 0.88). Pre-AI treatment also influenced estrus 
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expression (P = 0.05) and size of the dominant follicle at AI (P= 0.0016). Heifers in the 
high treatment had increased estrus expression (80 ± 6.3% vs. 59 ± 7.9%), and larger 
dominant follicles (11.7 ± 1.42 mm vs. 10.68 ± 1.33 mm) compared to heifers in the low 
treatment. There was no significant effect of pre, post or pre x post treatment on protein 
concentrations, estradiol concentrations, initial follicle size, growth rate of the dominant 
follicle, interval to estrus, interval to AI, CL size at flush, or on embryo stage, grade, or 
recovery rate (P > 0.10). In conclusion, findings from this study confirm the ability of 
nutrient restriction prior to and shortly following AI has the ability to impact ovarian 
function, steroidogenesis, and estrus expression. Further elucidation of these effects are 
needed to evaluate the effects of these changes on embryo development and pregnancy 
success. 
INTRODUCTION 
Reproduction ranks among the lowest of priorities for nutrient partitioning in the 
beef female, so it is not surprising that reproductive function and pregnancy are sensitive 
to changes in nutrient intake. As more research reports accumulate to illustrate the 
negative effects of restricted nutrition on embryo survival, management practices to 
mitigate these effects can be appreciated. It has been reported by multiple groups that 
various factors associated with negative energy balance can reduce conception rates by 
impacting oocyte competence (Leroy et al., 2005; Leroy et al., 2006), impairing luteal 
function (Spicer et al., 1990), and diminishing steroid hormone production (Hill et al., 
1970; Bossis et al., 1999), ultimately impairing the uterine environment and impacting 
the establishment of pregnancy. Assaults to other physiological mechanisms that are vital 
for pregnancy success due to nutrient restriction can also influence conception rates. 
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Stunted growth of the dominant follicle (Murphy et al., 1991) and reduced estrus 
expression rates (Mackey et al., 1999) have also been identified as potential explanations 
for decreased pregnancy success in cattle following or during nutrient restriction. Sheep 
restricted to 60% of maintenance eight weeks prior to oocyte collection and in-vitro 
fertilization had decreased cleavage rates, number of blastocysts, and rate of blastocyst 
formation compared to control ewes (Borowczyk et al., 2006). Recently, Kruse et al. 
(2017) reported that beef heifers experiencing a short term feed restriction (diets meeting 
50-80% of NRC maintenance) for six days after AI had retarded embryo development 
and reduced embryo quality (Kruse et al., 2017). Thus, the objectives of this study were 
to evaluate the influence of pre and post-AI nutrition on ovarian function, steroidogenesis 
and maternal environment in beef heifers. It was hypothesized that nutrient restricted 
heifers before and after AI would experience disrupted ovarian dynamics, steroidogenesis 
and subsequently have an impaired maternal environment for early embryo development. 
MATERIALS AND METHODS 
All procedures were approved by the Fort Keogh Agriculture Research Station 
Institutional Animal Care and Use Committee. 
Experimental design 
Seventy nine Angus cross heifers at USDA-ARS, Fort Keogh Livestock and 
Range Research Laboratory in Miles City, MT, were individually weighed for initial 
body weights (306.12 ± 3.74 kg) and randomly assigned to one of two dietary treatments 
(High or Low). Heifers assigned to the Low treatment were fed approximately 90% and 
81% of maintenance requirements before and after AI, respectively. High treatment 
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heifers were fed 162% and 148% of maintenance diet before and after AI, respectively. 
Diets were formulated to the listed percentages of maintenance according to the Cattle 
Nutrient Requirements Model (NRC, 2016). Both diets were a mixture of alfalfa hay and 
corn silage. Heifers on the low treatment were fed 6.81 kg/hd/d, while high treatment 
heifers were fed 10.9 kg/hd/d. After initial diet assignment, heifers were fed according to 
their respective treatments for 29 to 30 days prior to AI.  
Estrus Synchronization and Estrus Detection 
Heifers were divided evenly into four replicates for breeding, ultrasonography, 
and embryo collection. The PG 6-day CIDR protocol was used to synchronize estrus, 
which included a prostaglandin injection (PGF2α; 25 mg as 2 mL Lutalyse HighCon i.m.; 
Zoetis, Inc., Kalamazoo, MI) on d -12, a CIDR (Zoetis, Inc., Kalamazoo, MI) was 
inserted intravaginally and GnRH (100 µg as 2 mL of Factrel i.m.; Zoetis, Inc., 
Kalamazoo, MI) was administered on d -9. On d -3, CIDRs were removed, PGF2α (PGF2α; 
25 mg as 2 mL Lutalyse HighCon i.m.; Zoetis, Inc., Kalamazoo, MI) was administered, 
and EstroTect patches (Western Point, Inc., Apple Valley, MN) were applied above the 
tail head. After CIDR removal, heifers were monitored daily from 0530 to 2130 for estrus 
activity; when patches had more than half of the coating removed heifers were considered 
in standing estrus. Following detection of estrus, heifers were inseminated 8 to12 h later 
(d 0) by one of two trained technicians with semen from one of two bulls. Technician and 
bull were evenly distributed between treatments. Heifers that did not exhibit estrus by 72 
h after CIDR removal were administered GnRH (100 µg as 2 mL of Factrel i.m.; Zoetis, 
Inc., Kalamazoo, MI) and artificially inseminated. 
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Treatment reassignment 
Immediately following AI, half of the heifers from each diet treatment were 
reassigned to a new treatment, resulting in 20 heifers in the high treatment being moved 
to the low treatment, 19 heifers on the low treatment being moved to the high treatment, 
and the remaining 40 heifers staying in their original, respective treatments. These 
treatment reassignments created four nutritional treatments: high remaining high (HH, n 
= 20), high switched to low (HL, n = 20), low remaining low (LL, n = 20), and low 
switched to high (LH, n = 19). Heifers remained in their diet treatments post-AI for seven 
to eight days until uterine flushing was performed. 
Blood sampling 
Blood samples were collected on d -3, d -2, d-1, d 0 (AI) and on d 1, 3, 5, 7, and 8 
(for a select replicate of heifers that were flushed on d 8 due to scheduling conflicts; n = 
11) from the jugular vein and into 10 mL Vacutainer tubes containing EDTA (Fischer 
Scientific, Pittsburgh, PA). Tubes were immediately placed on ice until processing by 
centrifugation for 20 minutes at 3,000 x g and 4°C. Plasma was harvested and stored at -
20°C until later analysis for circulating concentrations of NEFAs, glucose, protein, 
estradiol, and progesterone.  
Ultrasonography 
Ovarian dynamics were assessed at the time of CIDR removal (d -3), at AI (d 0), 
and on the day of uterine flush (d 7 or 8) using transrectal ultrasonography with an Aloka 
3500V with a 7.5-MHz probe (Aloka, Wallingford, CT). Presence and size of a dominant 
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follicle was recorded as well as number and size of corpora lutea (CL) during each 
ultrasonography event.  
Embryo Collection  
On d 7 following AI, the majority of heifers were subjected to uterine flush and 
embryo collection, however a small group of heifers were flushed on d 8 (n = 11). 
Additionally, fourteen heifers were not successfully flushed and were removed from 
embryo analyses (6 HH, 3 HL, 2 LL, and 3 LH). Uterine flush was performed using a 
nonsurgical transcervical uterine catheterization and was conducted by two trained 
technicians. Catheters were placed in the uterine horn ipsilateral with the CL and an 
initial 20 mL of ViGro Complete Flush media (Bioniche Animal Health, Athens, GA) 
was administered into the horn and collected for evaluation of presence of an embryo. 
Each heifer was then flushed with an additional 60-100 mL of flush media to increase the 
chance of embryo recovery. Recovered embryos (n = 24) were washed three times in 
SynGro Holding media and kept at 26 °C in the media until being graded. Embryos were 
assessed for quality grade on a scale of 1 to 4 (1 = excellent, 2 = good, 3 = fair, 4 = dead 
or degenerative) and stage of development on a scale of 1 to 9 (1 = unfertilized, 2 = 2- to 
12-cell, 3 = early morula, 4 = morula, 5 = early blastocyst, 6 = blastocyst, 7 = expanded 
blastocyst, 8 = hatched blastocyst, 9 = expanding hatched blastocyst) according to 
International Embryo Transfer Society standards (IETS, 2009).  
Plasma analysis 
Harvested plasma concentrations of NEFA were measured in duplicate with an 
enzymatic colorimetric assay kit (NEFA-C Wako Chemicals, Richmond, VA). Intra-
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assay coefficients of variation were 3.8%. A standard curve (0, 0.50, 1.00, and 
1.97mEq/L) was generated and included on each plate by serial dilution using Milli-Q 
water and standard provided in the NEFA-C kit. Color reagents A and B were prepared 
according to the kit instructions. In 96-well microtiter plates, 5 µL of sample, 5 µL of 
standards 0, 0.50, and 1.00 mEq/L, and 10 µL of 1.97 mEq/L standard were added to the 
appropriate wells and incubated with 200 µL Color Reagent A at 37°C for 5 min. Next, 
100 µL of Color Reagent B was added and plates were incubated at 37°C for 5 min. 
Afterwards, absorbance was measured on a SpectraMax Plus 384 microtiter plate reader 
(Molecular Devices, Sunnyvale, CA) at 550 nm. 
 Plasma samples were measured for glucose concentrations in duplicate using the 
Glucose Liquicolor Kit (Stanbio Laboratory, Boerne, TX) with intra and inter-assay 
coefficients of variation of 4.01%. Kit materials were brought to room temperature and 1 
mL glucose reagent was pipetted into 12 x 75 glass tubes and incubated at 37°C for 5 
min. Following the incubation, a standard curve (0, 100, 200, 300, and 400%) was 
generated by pipetting 0, 5, 10, 15, and 20 µL glucose standard into the appropriate 
reagent tubes. After 5 µL sample was added to remaining tubes, they were vortexed and 
incubated at 37°C for 5 min. Lastly, 300 µL of the tube contents were transferred into a 
96-well microtiter plate and absorbance was measured at 500 nm on the SpectraMax Plus 
384 microtiter plate reader (Molecular Devices, Sunnyvale, CA). 
 Plasma samples were measured for protein concentrations in duplicate using the 
Braford protein colormetiric assay with intra- and inter-assay coefficients of variation of 
5.2%. A standard curve (0, 25, 125, 250, 750, 1,000, 1,500, and 2,000 µg/mL) was 
created with serial dilution using Easy Buffer B (IVM Technologies USA, Maple Grove, 
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MN) and bovine serum albumin from the Micro BCA Protein Assay Kit (Thermo 
Scientific, Rockford, IL). Plasma samples were diluted to 1:120 using Easy Buffer B and 
10 µL of the diluted sample was pipetted into a 96-well microtiter plate. Standard curve 
(10 µL) was pipetted into the plate, and 300 µL of Coomassie Plus Reagent (Thermo 
Scientific, Rockford, IL) was added to each well. Microtiter plates were shaken in the 
SpectraMax Plus 384 microplate reader for 30 sec and incubated at room temperature for 
10 min before absorbance at 595 nm was recorded. 
Plasma samples were analyzed for concentration of progesterone and estradiol 
using radioimmunoassay (RIA). Samples collected from heifers prior to AI (d -3 through 
d 0) were evaluated for estradiol concentrations using methods previously described 
(Perry et al., 2004a), while samples collected at AI and through uterine flush (d 1 through 
d 8) were analyzed for progesterone concentrations according to the method of Engel et 
al (Engel et al., 2008). Intra- and inter-assay CVs for the estradiol and progesterone 
assays were 4.1%, 3.8% and 5.7%, 7.5%, respectively.  
Feed Analysis 
Samples of the dietary treatments were taken twice prior to treatment 
reassignment and twice following reassignment for a total of four samples per diet 
treatment. Feed samples were analyzed by Dairyland Laboratories, Inc. (Arcadia, WI) for 
crude protein, ADF, aNDF, aNDFom, lignin, AD-ICP, ND-ICP, fat, ash, TDN, and NEl 
(Table 4.1). 
Statistical Analysis 
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Heifer weights, plasma concentrations of NEFAs, glucose, protein, estradiol, and 
progesterone were analyzed as a repeated measures using the MIXED procedures of 
SAS, with the indicated best fit model (Heterogeneous Compound Symmetry: NEFA, 
glucose, estradiol; Toeplitz: heifer weights; Ante-dependence: protein, progesterone) as 
the covariance structure. Pre-AI treatment, Post-AI treatment, time, and all interactions 
were included as independent variables in the model. Estrus expression was evaluated 
using the GLIMMIX procedure of SAS, with pre-AI diet treatment included in the model. 
Additionally, embryo recovery was evaluated with the GLIMMIX procedure, with pre, 
post, and pre x post-AI diet treatment included in the model as independent variables. 
The GLM procedure of SAS was utilized to evaluate initial follicle size, interval to estrus, 
interval to AI, follicle size at AI, and growth of the dominant follicle with pre-AI 
treatment included in the model. Size of the CL at flush, embryo stage, and embryo 
quality were also analyzed with the GLM procedure of SAS, with pre, post, and pre x 
post AI treatment included in the model.  When a significant effect (P ≤ 0.05) or 
tendency (P ≤ 0.10) of treatment was detected, the pair-wise comparisons from the 
analysis were used to determine level of significance. 
RESULTS 
Animal Performance  
Diet treatment prior to AI significantly affected heifer weights (P = 0.0002), but 
there was no effect of post- AI treatment on heifer weights (P = 0.83), or a pre x post-AI 
treatment interaction (P = 0.59). Day of the trial impacted heifer weights (P < 0.0001; 
Figure 4.1), and there was an effect of pre-AI treatment x time (P < 0.0001; Figure 4.2), 
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and post-AI treatment x time (P < 0.0001; Figure 4.3) on heifer weights. Heifers on the 
low diet lost 8.22 kg but heifers on the high diets gained 9.34 kg during the pre-AI 
period.  During the post-AI period heifers on the low diet lost 5.21 kg but heifers on the 
high diets gained 6.33 kg between AI and uterine flush.  There was no effect (P = 0.42) 
of pre x post x time on heifer weights (Figure 4.4).  
Ultrasonographic Measurements 
Diameter of the largest follicle at the initial ultrasound (d-3) was not significantly 
influenced by treatment (P = 0.23), and growth of the largest follicle from d -3 to AI was 
not significantly different between treatments (P = 0.27). Treatment had a significant 
effect on size of the largest follicle at time of AI (P = 0.0016).  Largest follicle size for 
High and Low treatment heifers were 11.70 ± 1.42 mm and 10.68 ± 1.34 mm, 
respectively. There was no effect; however, of pre-AI treatment (P = 0.32) or post-AI 
treatment (P = 0.18) on size of the CL at the time of embryo collection.  
Estrus Expression, Interval to Estrus, and Interval to AI 
Treatment prior to AI significantly influenced estrus expression (P = 0.05), with 
80 ± 6.3% of High treatment heifers expressing estrus compared to 59 ± 7.9% of Low 
treatment heifers expressing estrus (Figure 4.5). There was no effect of treatment on 
interval to estrus (P = 0.76), or interval to AI (P = 0.33). 
Embryo Recovery, Grade, and Stage 
There was no influence of pre-AI (P = 0.58) or post-AI (P = 0.76) treatment on 
embryo recovery rate. Recovery rates for pre-AI High and Low treatments were 23.9 ± 
94 
6.3% and 29.0 ± 6.9%, respectively. Embryo recovery rates for post-AI High and Low 
treatments were 24.9 ± 6.5% and 27.8 ± 6.7%, respectively. Likewise, neither embryo 
grade or embryo stage were impacted by pre-AI (P = 0.53 and P = 0.96) or post-AI (P = 
0.83 and P = 0.13) treatment.  
Non-Esterified Fatty Acid Concentrations 
There was a significant effect of diet treatment on circulating concentrations of 
NEFAs. Heifers in the Low diet treatment prior to AI had elevated concentrations of 
NEFAs (P = 0.0003) compared to heifers in the High diet treatment (Low; 0.60 ± 0.03 
mEq/L, High; 0.43 ± 0.03 mEq/L). Similarly, after treatment change following AI, Low 
heifers had elevated concentrations (P < 0.0001) of NEFAs compared to High treatment 
heifers (Low; 0.61 ± 0.03 mEq/L, High; 0.42 ± 0.03 mEq/L). Additionally, there was a 
time (P < 0.0001; Figure 4.6) and a pre-AI treatment by time (P < 0.0001; Figure 4.7) 
and a post-AI treatment by time (P < 0.0001; Figure 4.8) effect on NEFA concentrations. 
There was no effect of the interaction of pre-AI diet, post-AI diet and time on NEFA 
concentrations (P = 0.13; Figure 4.9).   
Glucose Concentrations 
There was a tendency for both Pre-AI treatment (P = 0.06) and Post-AI treatment 
to impact circulating concentrations of glucose, with the High treatment having greater 
glucose than low during both periods.  There was also a Pre-AI x Post-AI treatment 
interaction on glucose concentrations (P = 0.04).  Heifers in the HH treatment had 
elevated concentrations (102.75 ± 3.13 mg/dL) of glucose compared to heifers in the HL, 
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LH, and LL treatments which did not differ (Figure 4.10). There was also a tendency for 
a post AI treatment x time interaction (P = 0.10; Figure 4.11).  
Protein Concentrations 
There was no effect of pre-AI (P = 0.54) or post-AI (P = 0.12) treatment on 
plasma protein concentrations, nor was there a pre-AI x post AI treatment interaction (P 
= 0.36). However, there was an effect of time (P = 0.035; Figure 4.12). Highest 
concentrations of protein were observed on d 7 (127.23 ± 2.6 mcg/mL), while the lowest 
protein concentrations were observed on d -3 (116.61 ± 2.3 mcg/mL).  There was no 
effect of treatment by time on protein concentrations (P > 0.30). 
Estradiol Concentrations 
Estradiol concentrations were not influenced by pre-AI treatment (P = 0.99), 
however, estradiol concentrations did change over time (P < 0.0001; Figure 4.13), with 
concentrations increasing from d -3 (2.18 ± 0.15 pg/mL) to d 0 (6.05 ± 0.04 pg/mL). 
There was no pre-AI treatment by time interaction. 
Progesterone Concentrations 
Treatment prior to AI significantly influenced progesterone concentrations (P = 
0.02; Figure 4.14). High treatment heifers had greater concentrations of progesterone 
(4.85 ± 0.37 ng/ mL) compared to Low treatment heifers (3.53 ± 0.38 ng/mL). A similar 
trend was observed in progesterone concentration over time (P < 0.0001; Figure 4.15), 
with concentrations increasing from d 1 to d 8. There was also a treatment prior to AI x 
time interaction (P = 0.04), with progesterone concentrations increasing more rapidly 
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from d 1 to d 8 in the High compared to the Low treatment (Figure 4.16). There was no 
post-AI treatment by time interaction (P = 0.65). 
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Table 4.1. Nutrient analysis (DM basis) of samples collected from the high and low diets 
before and after AI (diet reassignment) 
 
 
 
 
 
 
 
 
Pre-AI Samples Post-AI Samples 
 
Low High Low High 
Nutrient, % 1 2 1 2 1 2 1 2 
DM 45.66 47.88 53.01 54.28 42.42 44.54 46.74 47.65 
CP 10.91 10.5 10.73 11.61 13.72 13.64 14.25 15.06 
ADF 33.85 32.7 31.92 32.89 31.62 32.96 31.46 29.48 
aNDF 49 45.91 44.99 46.07 41.65 41.67 41.35 40.18 
aNDFom 48.59 45.55 44.23 44.43 41.36 41.53 40.68 39.39 
Lignin  
(Sulfuric Acid) 4.93 4.94 5.15 5.56 6.55 5.52 5.37 5.13 
Lignin 10.15 10.85 11.64 12.51 15.84 13.29 13.2 13.02 
AD-ICP 0.79 0.83 0.84 0.96 0.89 1.04 0.99 1.06 
ND-ICP 1.82 1.82 1.82 1.82 1.82 1.82 1.82 1.82 
Fat (EE) 4.1 4.35 3.34 3.33 4.13 3.38 4.61 4.48 
Ash 6.71 6.38 7 6.59 7.26 7.68 7.26 7.67 
TDN 64.8 66.19 64.7 64.33 64.21 64.22 66.32 66.48 
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Heifer body weight over time 
 
Figure 4.1. Effect of time on heifer body weight (P < 0.0001). 
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Pre-AI treatment x time on heifer body weight 
 
 
 
Figure 4.2. Effect of pre-AI diet treatment x time on heifer body weight (P < 0.0001). 
***
Superscript denotes P < 0.0001, and 
**
Superscript denotes P = 0.0005 between 
comparison of body weight in each treatment on the specific day. 
High- Heifers provided the high diet prior to AI 
Low- Heifers provided the low diet prior to AI 
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Post-AI treatment x time on heifer body weight 
 
Figure 4.3. Effect of post-AI diet treatment x time on heifer body weight (P < 0.0001). 
**
Superscript denotes P = 0.04. 
High- Heifers provided the high diet after AI 
Low- Heifers provided the low diet after AI 
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Figure 4.4. Effect of pre x post x time interaction on change in heifer body weight (P = 
0.42). 
HH- Heifers on the high diet treatment before and after AI 
HL- Heifers on the high treatment prior to AI, then switched to the low treatment after AI 
LH- Heifers on the low treatment prior to AI, then switched to the high treatment after AI 
LL- Heifers on the low diet treatment before and after AI 
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Pre-AI treatment on estrus expression 
 
Figure 4.5. Treatment prior to AI on estrus expression (P = 0.05). Heifers kept on the 
high diet treatment before AI had a 21% increase in estrus expression compared to heifers 
on the low diet prior to AI. 
High- Heifers provided the high diet treatment prior to AI 
Low- Heifers provided the low diet treatment prior to AI 
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NEFA concentration over time 
 
Figure 4.6. Effect of time on plasma concentration of Non-esterified fatty acids (NEFA) 
(P < 0.0001).  
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Figure 4.7. Influence of pre-AI diet x time on NEFA concentrations (P < 0.0001). 
***
Superscript denotes P < 0.0008, 
**
Superscript denotes P < 0.05, and *Superscript 
denotes a tendency of P = 0.09 between high and low treatments on the depicted day. 
High- Heifers provided the high diet prior to AI 
Low- Heifers provided the low diet prior to AI 
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Post-AI diet x time on NEFA concentrations 
 
Figure 4.8. Effect of post-AI diet treatment x time on plasma concentrations of NEFAs (P 
< 0.0001). 
***
Superscript denotes P = 0.03, 
**
Superscript denotes P < 0.0001, and 
*
Superscript denotes P = 0.16 between NEFA concentrations in high and low treatments 
on the specified day 
High- Heifers provided the high diet treatment after AI 
Low- Heifers provided the low diet treatment after AI 
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Figure 4.9. Effect of the interaction of pre-AI diet, post-AI diet and time on NEFA 
concentrations (P = 0.13).  
HH- Heifers provided the high diet treatment before and after AI 
HL- Heifers provided the high diet prior to AI, but switched to the low diet after AI 
LH- Heifers provided the low diet prior to AI, but switched to the high diet after AI 
LL- Heifers provided the low diet before and after AI 
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Pre x Post-AI diet on glucose concentrations 
 
 
Figure 4.10. Effect of pre x post-AI diet on plasma glucose concentrations (P = 0.04). 
Greatest concentrations of glucose were observed in the HH treatment, while lowest 
concentrations were found in the LH treatment. 
ab
Superscripts differ (P < 0.007). 
HH- Heifers provided the high diet treatment before and after AI 
HL- Heifers provided the high diet prior to AI, but switched to the low diet after AI 
LH- Heifers provided the low diet prior to AI, but switched to the high diet after AI 
LL- Heifers provided the low diet before and after AI 
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Figure 4.11. Effect of post-AI diet treatment over time on glucose concentrations (P = 
0.10). **Superscripts indicate a difference between treatment at P ≤ 0.01, and 
*superscripts indicate a difference between treatment at P = 0.05.  
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Protein concentrations over time 
 
Figure 4.12. Protein concentrations over time (P = 0.035). 
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Figure 4.13. Effect of time on estradiol concentration (P < 0.0001). Lowest 
concentrations of plasma estradiol were observed on d -3, while greatest concentrations 
of estradiol were observed on d 0. 
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Figure 4.14. Effect of pre-AI diet on plasma progesterone concentrations (P = 0.02). 
High- Heifers provided the high diet prior to AI 
Low- Heifers provided the low diet prior to AI 
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Progesterone concentrations over time 
 
 
Figure 4.15. Effect of time on progesterone concentration (P < 0.0001). After AI, 
progesterone concentrations increased through the time of flush on d 7 and d 8. 
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Figure 4.16. Effect of pre-AI diet on progesterone concentrations over time (P = 0.04). 
**superscripts indicate a difference between treatment P < 0.05, while *superscripts 
indicate a tendency  0.05 > P < 0.1. 
 
High- Heifers provided the high diet treatment prior to AI 
Low- Heifers provided the low diet treatment prior to AI 
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DISCUSSION 
Heifer body weight responses were not surprising due to the intended study 
design. Heifers provided the low diet prior to AI were on average, 20 kg lighter than 
heifers provided the high diet prior to AI. During the pre-AI period, the low diet heifers 
also lost approximately 8 kg, while the high diet heifers gained approximately 9 kg 
during the same period of time. Likewise, a similar trend was observed during the post-
AI period, with low diet heifers losing 5 kg in comparison to the 6 kg gain in the high diet 
treatment. These observations confirm that although the low diet was only 9-21% under 
NRC requirements, it created a negative energy balance in the study heifers and was 
sufficient to induce nutrient restriction. Furthermore, the increase in weight of high 
treatment heifers illustrates the adequacy of the diet to supply the intended nutrition. 
Circulating concentrations of metabolites were influenced by dietary treatment in 
the current study. Heifers maintained on the low diet treatment had elevated 
concentrations of NEFAs, which was not surprising because animals during prolonged 
periods of restriction begin to utilize lipolysis to obtaining energy substrates, generating 
NEFAs during the process (Leroy et al., 2005). Aside from NEFA concentrations, 
circulating concentrations of glucose also serve as an indicator of energy availability for 
regulation of reproductive events. Heifers in the HH treatment had elevated 
concentrations of glucose. Similar results have been reported in cows in greater body 
condition having greater concentrations of glucose compared to low body conditioned 
cows (Vizcarra et al., 1998).  The lowest concentration of glucose were observed in the 
LH treatment, which may indicate that despite these individuals being offered the high 
diet following AI, the short time period after AI to uterine flush was not adequate for 
115 
compensation of the negative energy balance induced prior to AI with the low diet 
treatment. Furthermore, despite that there was no effect of treatment on protein 
concentrations; there was a change in circulating levels of protein over time. Protein 
concentrations were lowest on d -3 and highest on d 7. As animals experience an 
imbalance of nutrients and lack necessary energy substrates, muscle protein is utilized to 
make up the deficit (Tamminga et al., 1997). The increase in protein concentrations from 
our study supports the assumption that the heifers on the low diet treatment before AI, 
after AI, or both had likely started to utilize muscle protein as an energy source, resulting 
in increasing concentrations of circulating protein by the completion of the study. 
It is understood that nutrient restriction has the ability to negatively influence 
interval to estrus, estrus expression, and follicular dynamics. In the current study, a 21% 
increase in estrus expression was observed in the high treatment compared to the low 
treatment group, but there were no observed changes in interval to estrus or interval to 
AI. Mackey et al. (1999) reported a 56.4% decrease in estrus expression in heifers 
restricted short term to 40% of NRC maintenance. These changes may be directly due to 
the effect of negative plane of nutrition in altering steroidogenesis. Not only have 
restricted females been reported to have reduced preovulatory follicle size and hindered 
follicular growth rate (Bossis et al., 1999; Mackey et al., 2000), but reduced estradiol 
concentrations may also be a consequence. In a study evaluating the ovarian and 
endocrine dynamics prior to nutrition induced anestrus, there was a decrease in estradiol 
concentrations immediately before heifers became acyclic (Bossis et al., 1999). On the 
contrary, Mackey et al. (1999) did not report significant changes in estradiol in the 
acutely restricted heifers, but nonetheless dominant follicle size, as well as follicular 
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growth rate, was negatively impacted. These findings indicate the complexity of steroid 
concentrations and ovarian dynamics in influencing estrus expression. Furthermore, it is 
known that larger preovulatory follicles have been associated with increased secretion of 
estradiol (Vasconcelos et al., 2001; Atkins et al., 2013). The current study demonstrated 
heifers maintained on a higher plane of nutrition before AI had larger dominant follicles, 
and increased expression of estrus. A possible explanation for the lack of difference in 
estradiol concentrations between treatments could be due to the frequency of blood 
sampling employed in the study. It is understood that the dominant follicle releases 
increasing amounts of estradiol to prepare the pituitary for the preovulatory LH surge 
(Chenault et al., 1975), and that peak estradiol concentrations occur at the onset of estrus 
and rapidly decline due to the shutdown of aromatase activity by the LH surge (Komar et 
al., 2001). Because blood samples were taken in 24 to 48 hour intervals, it is likely we 
were not able to adequately characterize the changes and peaks of estradiol which may 
have occurred with the associated increase in dominant follicle diameter and estrus 
expression observed in the high treatment.  
Circulating progesterone plays a crucial role in regulating the maternal 
environment for early embryo development. The current study demonstrated increased 
concentrations of progesterone in heifers provided the high diet treatment prior to AI 
compared to heifers on the low diet before AI. Negative effects on luteal capacity and 
progesterone production have been reported to occur as early as five days after heifers are 
placed on diets providing 85% of maintenance (Hill et al., 1970). Additionally, in dairy 
cows kept in a negative energy balance, CL function was hindered (Spicer et al., 1990), 
and in diet restricted beef heifers CL diameter was smaller than heifers fed at 
117 
maintenance levels (Bossis et al., 1999). In the current study, there was no effect of post-
AI treatment on progesterone concentrations or size of the CL at the time of flush, 
however, pre-AI diet influenced progesterone concentration. Since heifers provided the 
high diet prior to AI had greater concentrations of progesterone, this may suggest that 
increased plane of nutrition prior to luteinization may allow for improved CL function. 
Gonadotropins, FSH and LH, are attributed with mediating granulosa and theca cell 
function during the periovulatory period, and allow for appropriate luteal development 
(Smith, 1986). Nutrient restriction has been reported to impair ovarian response to LH 
during the preovulatory period and subsequently result in decreased CL weight and 
reduced progesterone secretion (Gombe and Hansel, 1973). Furthermore, high NEFA 
concentrations, which are often noted during negative energy balance, are associated with 
induced apoptosis of bovine granulosa cells in culture, ultimately decreasing granulosa 
cell proliferation and steroidogensis (Vanholder et al., 2005). Therefore, the reduced 
progesterone concentrations illustrated in the low pre-AI treatment likely suggests one or 
more mechanisms regulating luteal development was impaired due to nutrient restriction. 
While impaired embryo development has been reported due to short term (6 d)  
nutrient restriction after AI (Kruse et al., 2017), differing results exist for studies that 
have evaluated restriction over a longer period of time. In a study conducted by Dunne et 
al. (1999), beef heifers were housed on pasture providing either 80% or 200% of 
maintenance for 10 days prior to AI, and following AI were randomly reassigned to 
pastures and remained in this new assignment for 30 days until pregnancy diagnosis. 
They found that embryo survival rates were lowest in heifers initially on the 200% 
maintenance pasture and moved to the 80% maintenance pasture compared to the 
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remaining treatment groups. Specifically, heifers in this group had a 32% reduced 
embryo survival rate compared to heifers kept on the low pasture throughout the duration 
of the study (Dunne et al., 1999). These results indicate that the heifers undergoing 
prolonged nutrient restriction may have become adapted to the sub-maintenance nutrient 
levels, while the heifers initially provided 200% of maintenance but changed to 80% 
were not able to mitigate these changes. In consideration of these findings, they may 
provide insight for observations from the current study. Our results showed no effects of 
diet treatment on embryo recovery, embryo stage, or embryo quality. Although it would 
initially be assumed heifers fed the low diet would have poor embryo quality and stunted 
development, diet treatments were fed a minimum of 29 days prior to AI. This period of 
time may have been long enough to allow the low treatment heifers to adjust to the 
reduced nutrient intake to prevent negative effects on embryo quality and development.  
In conclusion, nutrient restriction prior to and after AI was associated with body 
weight loss, increased NEFA concentrations, and a decrease in circulating glucose. 
Females that experienced negative energy balance during this time had smaller dominant 
follicles and reduced estrus expression. Further, progesterone concentrations in restricted 
heifers were reduced after AI. Due to the lack of difference observed in embryo stage or 
quality following restriction, it may be possible that the restriction period was long 
enough to allow for adaptation and mitigation of the aforementioned effects on embryo 
development.  
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